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FOREWORD 


The  research  work  described  herein  resulted  from  two  contract  efforts 
managed  by  Mr,  Thomas  P.  Cahlll»  Wind  Energy  Project  Office,  NASA-Lewls  Re¬ 
search  Center,  The  first,  under  NASA  Contract  NAS 3-20062,  was  with  the  Concept 
Development  Institute  of  Hudson,  Ohio,  This  effort  involved  the  experimental 
determination  of  urethane  mechanical  properties  from  specimen  and  blade-section 
tests,  and  a  preliminary  evaluation  of  full-scale  blade  weight.  Urethane  spec¬ 
imens  were  prepared  by  the  Goodyear  Tire  and  Rubber  Company,  and  testing  was 
conducted  at  the  University  of  Akron.  This  contract  effort  was  directed  by 
Robert  S«  Ross  of  Concept  Development  Institute  and  by  Demeter  G.  Fertis  of 
the  University  of  Akron, 

The  second  effort,  under  NASA  Order  C-7653  with  Technical  Report  Services 
of  Rocky  River,  Ohio,  involved  a  revision  and  expansion  of  the  material  de¬ 
veloped  in  the  first  effort  and  a  more  detailed  preliminary  design  analysis  of 
a  full-scale  reinforced  urethane  blade.  These  two  parts  were  then  Integrated 
into  the  single  report  contained  herein  by  Seymour  Liebleln  of  Technical  Report 
Services. 
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SUMMARY 


A  preliminary  evaluation  was  conducted  of  the  feasibility  of  urethane  as 
a  material  for  low-cost  rotor  blades  for  wind  turbines.  The  study  Involved 
two  major  phases:  results  of  tests  for  determination  of  urethane  mechanical 
properties;  and  a  theoretical  analysis  of  a  full-scale  blade  design  based  on 
the  results  of  these  tests* 

Specimen  tests  of  nine  urethane  formulations  showed  that  the  best  material 
had  a  modulus  of  457  000  psl  and  an  ultimate  tensile  strength  of  6054  psi.  Ten¬ 
sile  strength  decreased  substantially  with  increasing  temperature  (around 
1000  psi  between  room  temperature  and  120®  F) *  Strain-gage  measurements  on 
beam  specimens  revealed  normal  flexural  behavior  for  urethane. 

Urethane  showed  creep  in  both  bending  and  tensile  specimen  tests.  At  a 
steady  load  that  produced  a  bending  stress  of  2000  psi,  the  bending  deflection 
increased  by  around  40%  after  60  days.  No  fatigue  failures  occurred  in  tensile 
specimens  after  2  million  cycles.  However,  this  test  duration  was  very  small 
compared  to  the  design  life  requirements  of  wind  turbine  blades  (4x10®  cycles) . 

Test  results  were  also  obtained  from  a  large-scale  model  blade  section  in¬ 
stalled  as  a  cantilever  beam.  The  blade  section  was  composed  of  two  joined 
cast  halves  of  a  synnnetrical  airfoil  section  with  a  length  of  85  Inches,  a 
chord  length  of  30  inches,  and  a  maximum  thickness  of  4.5  inches.  When  the 
blade  section  was  loaded  at  the  free  end,  it  failed  at  the  restrained  end  at  a 
calculated  stress  of  around  half  the  ultimate  tensile  strength  for  the  material 
and  with  around  twice  the  calculated  deflection  (measured  tip  deflection  was 
22.25  in.).  Although  the  insertion  of  two  steel  reinforcing  rods  along  the 
length  of  the  cast  urethane  blade  reduced  the  tip  defJ.ection  substantially,  it 
did  not  materially  affect  the  base  failure.  The  behavior  and  premature  fail¬ 
ure  of  the  model  blade  section  is  believed  due  to  stress  concentration  effects 
at  the  bolt  holes  in  the  fixed  end  of  the  urethane,  and  to  incomplete  rigidity 
involved  in  the  base  attachment  of  the  blade. 

A  theoretical  analysis  of  a  full-scale  urethane  blade  that  meets  the  de¬ 
sign  specifications  of  the  62.5-foot  lotor  blades  for  the  MOD-0  wind  turbine 
was  conducted  based  on  the  urethane  properties  and  configuration  determined  in 
the  previous  tests.  Results  indicated  that  metal  reinforcement  is  needed,  and 
that  the  stiffness  criterion  is  the  governing  factor  that  determines  the  rein¬ 
forcement  requirements. 

Blade  designs  were  conducted  for  two  levels  of  design  strength  specifica¬ 
tions  and  for  two  arbitrarily  selected  blade  cross-sectional  configurations. 

The  design  calculation  produced  the  radial  variation  of  reinforcement  width 
and  total  unit  weight  for  a  complete  blade  with  0. 25-inch-thick  steel  t.r  alum¬ 
inum  plates  imbedded  in  the  upper  and  lower  surfaces  of  the  urethane.  Results 
indicated  that  Hade  weight  varied  little  with  design  specification  level  out 
substantially  with  blade  cross-sectional  area.  For  the  conditions  used  in  the 
analysis,  the  calculated  total  weight  of  a  full-scale  reinforced  urethane 
blade  varied  from  around  3000  to  4000  pounds  compared  to  around  2000  pounds 
for  the  aluminum  blades  of  the  MOD-0  rotor. 

Further  studies  would  be  required  to  determine  whether  a  reinforced  cast 
urethane  blade  can  be  fabricated  at  low  cost  and  whether  the  urethane  blade 
sections  can  be  constructed  with  thinner  walls  to  reduce  overall  blade  weight. 


INTRODUCTION 


It  is  eenerally  recognized  that  new  forms  of  replenishable  energy  sources 
must  be  developed  and  exploited  in  order  to  maintain  the  standard  of  Jiving 
^ravallable  and  to  improve  it  in  the  future.  One  of  these  sources  is  the 
Sun,  and  one  of  its  energy  components  is  the  wind.  Wind  is  a  ° 

that  is  readily  available,  and  is  one  of  the  forces  of  nature  «  constant 
existence  that  man  is  attempting  to  harness  and  to  put  in  a 
though  wind  energy  has  long  been  recognized,  and  f 

it  has  not  obtained  general  acceptance  on  a  large  scale  bee  -nuld  be 

ries  of  the  wind  and  the  difficulty  of  storing  it  in  a  form  which  could  be 

drawn  upon  at  will. 

Recently,  the  Department  of  Energy  (DOE)  was  given  the  task  of  trying  to 
find  some  way  to  harness  wind  energy  on  a  large  enough  scale  to  s  g 

leant  as  a  national  energy  source.  In  preliminary  i^'^®®‘'^8atxons,  DOE  has  de 
termined  that  large  size  wind  turbines  might  be  one  solution  to  Jhrs  problem 
(ref  1).  However,  studies  have  indicated  that  the  cost  of  the  initial  ins tal 
lation  is  considerable,  and  if  these  systems  are  to  be  economically  arable, 
the  capital  cost  of  the  equipment  must  be  reduced.  Wind  turbine  costs  can  be 
divided  iSto  three  major  Lmponents:  (1)  the  rotor  blades;  (2)  the  tower  that 
^i^pSts  tJe  rotor  and  power  generating  equipment;  and  (3)  the  electrical  and 
electro-mechanical  equipment.  The  program  described  in  this  report  was  di¬ 
rected  at  means  for  reducing  the  cost  of  the  rotor  blades. 

In  the  first  experimental  wind  turbine  installations  investigated  by  NASA 
for  DOE  (e  g.,  the  100-kW  MOD-0  wind  turbine,  ref.  2),  the  rotor  blades  were 
JSef L  ,rop.ller  or  airfoil  doslgn  and  f.brlcatioo  tachalqoas  Thasa 

provided  workable  blades,  but  at  a  relatively  high  cost.  This  rotor  blad 
?echnology  was  derived  from  the  aircraft  industry  which  has  made 
fiber  glass  prooellers  and  rotors  for  many  years  and,  therefore,  has  probably 
reduced  blade  manufacturing  techniques  to  their  practical  minimums  in  costs. 

It  appeared,  rnerefore,  that  an  entirely  new  approach  would  be  required  it  a 
significauc  cost  reduction  was  to  be  obtained, 

A  new  approach  to  the  blade  cost  problem  would  involve  the  search  for  new 
blade  materials.  Since  urethanes  have  a  wide  variety  of  ’ 

and  can  be  cast  in  low-cost  molds  where  they  generate  tjeir  own 
during  the  casting  process,  it  appeared  that  these  may  be 

rotor  components.  However,  urethanes  are  relatively  new  materials,  and  v  y 
little  is  known  regarding  their  properties  and  structural  behavior  as  ^  con 
struction  material.  It  appeared  desirable,  therefore,  to 

chanical  properties  of  the  urethanes  and  also  to  look  into  blade  fabrication 
techniques  to  determine  if  a  potential  cost  benefit  might  be  realized  from  the 
use  of  these  materials  in  wind  turbine  rotor  blade  design. 

It  was  recognized  at  the  beginning  of  the  program  that  the  use  of  cast 
urethane  blades  might  entail  some  sacrifice  in  aerodynamic  efficiency.  , 

some  increase  in  rotor  weight  would  be  expected,  since  the  mechanical  proper¬ 
ties  of  the  urethanes  do  not  match  those  of  the  metals,  or  of  fiber  glass. 
However,  it  was  recognized  also  that  wind  turbines  are  not  flight  vehicles. 
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and  weight  is  not  as  critical  to  their  efficient  operation  as  it  would  be  to  a 
helicopter  or  airplane. 

In  view  of  these  considerations,  NASA-Lewis  Research  Center  funded  an  un¬ 
solicited  program  to  experimentally  determine  the  significant  mechanical 
properties  of  several  types  of  urethanes,  and  to  analytically  determine  the 
characteristics  and  weight  of  a  full-scale  rotor  blade  design  using  this  mate¬ 
rial.  The  program  involved  not  only  physical  testing  of  specimens,  but  also 
the  fabrication  and  test  of  several  model  blade  sections  and  a  preliminary 
analytical  study  of  a  full-scale  blade  design  to  determine  the  practicality  of 
the^approach.  It  was  believed  that  information  obtained  from  such  a  program 
could  then  serve  as  a  data  base  for  a  further  evaluation  if  warranted.  The 
results  of  the  experimental  and  analytical  phases  of  the  program,  preceeded  by 
a  discussion  of  the  program  approach,  are  presented  herein. 


PROGRAM  APPROACH 

The  experimental  phase  of  the  program  was  initiated  with  a  survey  of 
urethane  types  having  a  wide  variety  of  physical  properties.  These  consisted 
of  cast  elastomers,  microcellular  foams,  rigid  foams,  and  flexible  foams.  It 
was  decided  during  this  preliminary  study  that  materials  of  low-elongation 
microcellular  foams  and  rigid  foams  would  be  examined  based  on  their  rela¬ 
tively  high  structural  stiffness. 

Samples  of  nine  urethane  compositions  were  prepared  in  shapes  which  could 
be  readily  tested  in  bending  for  strength  and  elastic  modulus  determination. 
While  tests  of  these  samples  were  continued  to  establish  other  properties,  new 
urethanes  were  formulated  that  yielded  even  higher  elastic  modulus  values. 

Tests  were  conducted  on  flat,  round,  and  beam  specimens  to  determine 
elastic  modulus  and  tensile,  creep,  and  fatigue  properties.  Temperature  ef¬ 
fects  on  tensile  stress  were  determined  for  three  temperatures.  In  addition, 
strain  gage  and  other  tests  were  performed  on  beam  specimens  to  further  eval¬ 
uate  the  structural  behavior  of  these  materials.  Two  of  the  formulations  had 
elastic  modulus  values  two  to  three  times  greater  than  had  been  achieved  be¬ 
fore  for  urethanes.  One  of  the  formulations  was  a  rigid  foam  urethane,  and 
the  other  was  a  microcellular  foam. 

On  the  basis  of  the  material  properties  obtained  for  these  urethane  for¬ 
mulations,  an  untwisted  airfoil  test  section  was  designed  and  cast  for  struc¬ 
tural  tests.  The  basic  test  sections  v;ere  manufactured  to  simulate  the  cross 
section  of  a  62.5-foot  rotor  blade  at  80  percent  of  the  radius.  The  sample 
sections  had  a  chord  length  of  30  inches,  a  maximum  thickness  ratio  of  15  per¬ 
cent,  and  a  spanwise  length  of  7  feet.  They  were  cast  of  two  symmetrical 
parts  which  were  cemented  together  to  form  the  airfoil  section. 

Although  it  may  be  possible  to  make  rotor  blades  entirely  of  urethane 
(they  would  be  relatively  heavy),  it  was  felt  desirable  to  examine  reinforcing 
metal  rods  cast  into  the  sections  so  that  a  greater  overall  structural  effi¬ 
ciency  could  be  obtained.  Therefore,  three  blade  sections  were  cast:  two 
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with  reinforcing  mccal;  and  one  without.  The  blade  sections  were  mounted  in 
a  cantilever  fashion  and  loaded  separately  in  both  torsion  and  bending.  While 
the  test  blades  were  mounted  on  the  cantilever  fixture,  an  accelerometer  was 
used  to  determine  the  blade  natural  frequency  in  bending. 

In  order  to  determine  the  potential  of  cast  urethane  blades,  the  informa¬ 
tion  obtained  from  the  tests  of  the  blade  models  was  applied  to  the  design  of 
an  actual  full-size  blade  in  the  second  phase  of  the  program.  The  blade  de¬ 
sign  utilized  urethane  as  the  prime  construction  element  with  judiciously 
placed  metal  reinforcement  to  increase  stiffness  and  bending  moment  resist¬ 
ance.  Fcr  the  purpose  of  this  study,  it  was  assumed  that  the  full-sized  re¬ 
inforced  blade  would  be  the  62.5-foot-radius  MOD-0  configuration,  but  with 
83ni!metrical  airfoil  sections.  Analytical  methods  were  derived  to  determine 
blade  section  properties  along  the  span,  and  blade  weight  was  calculated  for 
two  levels  of  design  strength  specifications  and  for  two  blade  cross-sectional 
configurations. 


PART  I.  PROPERTIES  EVALUATION 

The  discussion  of  the  evaluation  of  the  mechanical  properties  of  urethane 
foam  is  presented  in  two  main  sections.  The  first  deals  with  the  results  of 
the  tests  with  conventional  small  specimens.  The  second  part  covers  the  tests 
of  the  large-scale  model  blade  sections. 


Tensile  Strength 

Ultimate  tensile  load  tests  were  performed  on  the  nine  urethane  foam 
samples  of  table  I  by  using  flat  specimens  that  were  prepared  in  accordance 
with  figure  1  of  the  0638  ASTM  standards  (p.  201,  vol.  35)  for  plastic  mate¬ 
rials  as  a  guideline.  The  test  specimens  had  an  overall  length  of  12  inches, 
a  gage  length  of  3  inches,  and  a  thickness  of  0.25  inch  (fig.  1).  Exact 
specimen  dimensions  were  recorded  before  the  material  was  placed  in  the  test¬ 
ing  machine  and  after  it  failed. 

Rod  specimens  (fig.  2)  were  also  used  in  some  cases  for  comparison  pur¬ 
poses.  These  were  prepared  by  following  figure  3,  page  204,  volume  35  of  the 
ASTM  standards.  Additional  tensile  tests  were  also  performed  according  to 
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TABLE  I.  -  URETHANE  FOAM  TEST  MATERIALS 
(a)  Microcellular  foam 


i 

Property 

Sample  material 

» 

i 

i 

> 

A 

D 

F 

H 

i 

1 

I  « 

Specific  gravity 

1.05 

0.91 

1.038 

1.00 

f 

Density,  Ib/ft^ 

65.4 

56.3 

64.7 

62.4 

» 

i 

Elongation,  percent 

80 

3 

3 

! 

t 

t 

Crescent  tear,  Ib/in. 

563 

558 

\ 

I 

Heat  sag,  in. 

0.1875 

1.6875 

Notched  Izod  impact. 

0.69 

[ 

i  J 

lb/ in. 

(b)  Rigid  foam 


Property 

Sample  material 

6 

C 

E 

G 

GG 

Specific  gravity 

0.86 

0.70 

1.05 

1.00 

1.00 

Density,  Ib/ft^ 

53.6 

43.4 

65.4 

62.4 

62.4 

Elongation,  percent 

3 

2 

3 

3 

3 

Crescent  tear,  Ib/in. 

394 

316 

— 

Heat  sag,  in. 

1.1875 

0.5625 

Notched  Izod  impact. 

n 

Ib/in. 

■ 

■ 

D~412  ASTM  standards  for  the  microcellular  foams  and  the  D1623  ASTM  standards 
for  the  rigid  foams  in  order  to  compare  results* 

A  Riehle  Universal  Testing  Machine  (60  000  lb  capacity)  was  used  for  the 
tensile  tests.  The  load  was  applied  at  a  speed  which  produced  an  elongation 
of  0*2  inch  per  minute  on  the  specimen.  Three  to  five  specimens  were  tested 
for  each  material.  A  sample  test  record  for  the  flat  specimen  tensile  tests 
at  room  temperature  is  shown  on  page  7* 
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Figure  2. 


-  Round  bar  tensile  test  specimen. 
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TEST  RECORD  FOR  SPECIMEN  DlO-93-4 


SpeciJ-an  dimensions:  W  «  0.f03  in.;  t  -  0.137  in.;  L  «  2.00  in. 

^  (Width)  ^  (Thickness)  ^  (Length) 

Ultimate  load:  370  lb 

Final  dimensions:  “  2.05  in.;  «  0.501  in.;  t^  *  0.137  in. 

370 

Ultimate  stress:  -  (q. 501) (0.137)  “ 


Average  values  of  ultimate  tensile  stress,  Oy,  and  ratio  of  ultimate 
stress  to  density  o^/p  for  the  nine  urethane  materials  are  given  in  ta« 
ble  II.  The  rigid  foam  material  E  showed  the  highest  value  of  ultimate 
tensile  strength  and  had  the  second  highest  strength/density  ratio,  with  mate¬ 
rial  D,  the  best  for  the  microcellular  fcams.  These  results  indicate  that  a 
design  or  working  stress  in  tension  of  the  order  of  2000  Ib/in^  ^y  be  feasible 
for  these  materials* 

TABLE  II.  -  TENSILE  STRENGTH  OF  URETHANE 


(a)  Microcellular  foam 


Sample 

A 

D 

F 

H 

Ultimate  tensile  ^ 

stress,  0^,  Ib/in'^ 

3838 

5349 

5455 

5473 

Strength/ density  ra¬ 
tio,  Oy/p,  in.xlO-^ 

101.4 

_ 

164.2 

_ 

14o.7 

151.6 

(b)  Rigid  foam 

Sample 

B 

C 

E 

G 

GG 

Ultimate  tensile  . 

stress,  Oy.  Ib/in^ 

4837 

3021 

6054 

5470 

5179 

Strength/ density  ra¬ 
tio,  o^/p,  in.xlO-’ 

155.9 

120.3 

160.0 

151.5 

143.4 

The  urethanes,  of  course,  are  considerably  weaker  than  the  materiaxs  cur* 
rently  used  in  rotor  design.  However,  it  is  interesting  to  note  that  the 
urethane  materials  are  about  as  strong  as  concrete  in  tensile  strength,  al¬ 
though  their  weight  is  close  to  one  third  of  that  of  concrete.  Furthermore, 
urethane  is  equally  strong  in  both  ten^iion  and  compression,  while  concrete  is 
strong  only  in  compression. 
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Effect  of  load  rate,  -  In  order  to  get  some  idea  about  the  effect  of 
loading  rate  on  the  ultimate  tensile  strength  of  the  urethane  materials,  a 
number  of  12<-inch  flat  specimens  were  tested  at  elongation  speeds  of  0«05  inch 
per  minute,  0#2  Inch  per  minute,  and  0«8  inch  per  minute.  The  microcellular 
foam  material  D  was  selected  for  this  purpose.  The  results  are  shown  in  ta¬ 
ble  III.  Also  included  in  the  table  is  another  data  value  for  room  tempera¬ 
ture  from  table  II  to  Indicate  the  degree  of  repeatability. 

TABLE  III.  -  ULTIMATE  TENSILE 
i  STRESS  FOR  MATERIAL  D 


Rate  of 

Ultimate  stress, 

deformation, 
in. /min 

Ib/in^ 

0.25 

5225 

.20 

5325 

.80 

5478 

0.20 

5349  (table  Ti'> 

These  results  indicate  that  the  ultimate  stress  of  the  material  is  lower 
at  the  lower  rates  of  deformation  or  loading,  as  expected,  because  some  creep¬ 
ing  in  the  material  is  taking  place  as  the  loading  is  applied  at  lower  speeds. 
The  reduction  in  ultimate  stress  due  to  creep,  however,  is  very  small  -  the 
difference  in  ultimate  stress  between  rates  of  0.05  inch  per  minute  and  0.80 
inch  per  minute  (a  ratio  of  16)  is  less  than  5  percent. 

Effect  of  temperature.  -  Rotor  blades  for  wind  generator  systems  are  ex¬ 
pected  to  be  subjected  to  large  temperature  variations  due  to  climatic  condi¬ 
tions  prevailing  in  the  region  of  their  location.  Such  temperatures  are  ex¬ 
pected  to  be  not  lower  than  around  50®  F  below  zero  and  not  higher  than  about 
130®  F  above  zero.  It  is  expected  that,  like  other  materials,  urethanes  will 
also  be  affected  by  temperature  change. 

It  was  decided  to  run  four  temperature  tests  for  one  material,  preferably 
a  rigid  foam  material,  in  order  to  find  out  how  the  ultimate  load,  or  ulti¬ 
mate  tensile  stress,  is  affected  by  temperature.  The  four  temperatures  se¬ 
lected  were  -20®  F,  room  temperature,  130®  and  150®  F.  Since  these  studies 
are  preliminary  in  nature,  it  was  believed  that  these  temperatures  would,  at 
this  time,  provide  a  sufficient  input  to  the  evaluation  of  this  material  as  a 
rotor  blade  candidate. 

The  tests  for  the  above  three  temperatures  were  performed  with  material 
GG,  Flat  12-inch  specimens  were  used,  with  preparation  as  described  earlier. 
The  tests  were  performed  using  an  Instron  Environmental  Chamber  and  a  CGS 
Closed  Loop  Hydraulic  Machine  (fig.  3).  The  tensile  specimen  was  placed  into 
the  Instron  Environmental  Chamber  (fig.  4)  and  preheated  to  the  required  tem¬ 
perature.  A  United  Systems  Corporation  Thermocouple  was  used  to  record  the 
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Figure  3.  -  Variable  temperature  test  set  up 


Figure  4.  -  Test  specimen  in  environmental 
chamber. 


temperature  of  the  specimen*  The  specimen  was  conditioned  to  the  required 
temperature  for  about  2  hour^^. 

The  environmental  chamber  was  attached  to  the  CGS  closed  loop  hydraulic 
machine.  The  tensile  load  was  applied  to  the  specimen  by  the  CGS  machine  at  a 
speed  of  0.2  inch  per  minute  until  the  specimen  failed.  The  results  for  ulti¬ 
mate  load  and  ultimate  tensile  stress  are  shown  in  table  IV.  Also  included  in 
the  table  is  another  value  for  room  temperature  from  table  II. 


TABLE  IV.  -  TEMPERATURE  EFFECTS 
ON  MATERIAL  GG 


Temperature, 

op 

Ultimate 

load, 

lb 

Ultimate  tensile 
stress, 
lb/in2 

-20 

2520 

6167 

64  (Room  temp.) 

2160 

5094 

130 

1700 

3935 

150 

1480 

3490 

Room  temp . 

5179  (cable  II) 

As  indicated  in  the  table,  increasing  temperature  produces  a  significant 
decrease  in  ultimate  tensile  strength.  The  observed  variation  in  ultimate 
tensile  strength  with  temperature  is  plotted  in  figure  5.  For  the  range  of  ex¬ 
treme  climatic  temperature  variation  (-50"*  to  130®  F)  the  variation  of  ulti¬ 
mate  tensile  strength  is  estimated  from  these  results  to  be  of  the  order  of 
35  petcent  for  material  GG.  From  room  temperature  (64®  to  120®  F),  the  ulti¬ 
mate  stress  for  this  material  decreased  by  about  20  percent.  Thus,  the  ex¬ 
pected  maximum  environmental  temperature  for  the  blade  will  be  an  important 
determinant  of  the  working  stress  level  for  the  material. 


Flexural  Strength 

Modulus.  -  The  flexural  modulus  of  the  nine  urethane  materials  were  ob¬ 
tained  by  using  the  D790  ASTM  standards  for  flexural  properties  of  plastics. 
Two  types  of  beam  specimens  are  used:  one  with  dimensions  3/4  in.  by  3/4  in 
by  30  inches;  and  the  other  with  dimensions  3/4  in.  by  3/4  in.  by  15  inches. 
Four -point  loadir^g  (two  applied  loads)  is  used  for  the  first  specimen  con¬ 
figuration  with  a  gage  length  of  24  inches  and  a  length- to-depth  ratio  equal 
to  32.  Three-point  loading  (one  applied  load)  was  used  for  the  second  one 
with  a  gage  length  of  12  inches  and  a  length- to- depth  ratio  of  16. 

Sample  laboratory  load-deflection  data  (for  specimen  H2)  are  shown  in 
table  V.  The  specimen  was  loaded  gradually  from  0  to  25  000  grams,  and  then 
gradually  unloaded  to  zero.  The  maximum  bending  stress  on  the  specimen 
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ri^ur^  Fff^ct  t>‘f  temp£ir6+are  on  ul+imsrts. 
tensile,  s+rength  of  urethane  mn^+^rial  GS. 


reached  2634  psi  for  the  loading  of  25  000  grams.  The  load-deflection  curve 
for  both  loading  and  unloading  is  plotted  in  figure  6.  tte  f 
is  nearly  linear.  When  the  load  on  the  member  was  removed,  a  deflection  equal 
to  0.007  inch  was  indicated  on  the  dial  as  shown  in  table  V.  T  ®  ® 

p°r.a„.nt  d.£or«..lo„  is  pot  v.ry  porpan.nt,  Th. 

coupletely  in  about  10  to  15  minutes.  This  Is  chataotctlstlt  o£  all  specimens 
tested  even  when  che  stresses  are  much  higher. 


The  flexural  modulus  E  was 
values  as  described  in  appendix  A* 
deflection  readings  for  material 
for  this  specimen  is  230  740  psi. 


computed  from  the  experimental  deflection 
The  flexural  modulus  values  for  the  load 
H  are  shown  in  table  V.  The  average  value 
Similar  values  were  obtained  when  other 
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TABLE  V.  -  LOAD- DEFLECTION  AND  MODULUS  DATA 


FOR  MATERIAL  H 


Load, 

P, 

gr 

Deflection,  A,  in. 

Slope, 

Modulus , 

lb/in2 

Loading 

Unloading 

(P/4) , 
Ib/in. 

0 

0 

.0070 

1000 

.0120 

.0200 

2000 

.0250 

.0330 

176.368 

240775 

3000 

.0395 

.0440 

167.438 

228584 

4000 

.0515 

.0600 

171.231 

233762 

5000 

.0645 

.0730 

170.899 

233309 

6000 

.0775 

.0860 

170 .679 

233009 

7000 

.0910 

.1005 

169.585 

231515 

8000 

.1040 

.1145 

169.585 

231515 

9000 

.1170 

.1280 

169.535 

231515 

10000 

.1300 

.1410 

169.595 

231515 

11000 

.1430 

.1545 

369.585 

231515 

12000 

.1560 

.1680 

169.585 

231515 

13000 

.1695 

.1810 

!  169.084 

230831 

14000 

1  .1825 

'  .1950 

169.120 

230881 

15000 

.1970 

.2075 

167.863 

229165 

16000 

.2090 

.2200 

168.773 

230407 

17000 

.2230 

.2340 

168.064 

229439 

18000 

.2360 

.2470 

168.147 

229552 

19000 

.2495 

.2590 

167.385 

229195 

20000 

.2630 

.2725 

167.650 

228874 

21000 

.2770 

.2840 

167.136 

228172 

22000 

.2900 

.2965 

167.246 

228322 

23000 

.3050 

.3090 

166.249 

226961 

25000 

.3320 

.3320 

166.009 

226633 

Aver  = 

230  740 

Creep  does  not  appear  to  be  significant. 

Specimen  No.:  K2  Sp.O.=  |.oo 
Specimen  dimensions:  i/h"  x  3/4"  x  15" 

3-Pt.  loading 

Experimental  Date:  February  5,  1977 

specimens  of  the  same  material  batch  were  tested.  The  repeatability  of  re¬ 
sults  by  using  various  batches  of  the  same  material  was  considered  good.  De¬ 
tails  of  test  results  for  the  other  urethane  materials  are  given  in  appen- 


The  average  flexural  modulus  for  each  of  the  nine  urethane  materials  are 
shown  in  table  VI,  in  which  the  values  of  ultimate  tensile  strength  and 
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TABLE  VI.  -  FLEXURAL  PROPERTIES  OF  URETHANES 
(a)  Microcellular  foam 


Property 

Sample  material 

D 

D 

F 

H 

Bending  mo  dulus ,  E , 
Ib/in^  X  1000 

Calculated  ultimate 

52.2 

261 

9387 

268 

231 

bending  stress, 
Ib/in^ 

Ultimate  tensile 

3838 

5349 

5455 

5473 

stress,  Oy, 
lb/in2 

Tensile  stress/ 

101.4 

164.2 

145.7 

151.6 

density  ratio, 

0y/p,  in.xl03 

(b)  Rigid  foam 


Property 

Sample  material 

B 

C 

E 

G 

GG 

Bending  modulus ,  E , 

lb/in2  X  1000 

Calculated  ultimate 
bending  stress, 

lb/in2 

271 

4767 

162 

458 

11,627 

389 

356 

Ultimate  tensile 
stress,  a„, 
lb/in2 

4837 

3021 

6,054 

5470 

1 

1 

5179 

Tensile  stress/ 
density  ratio, 
Ou/P,  in.xlOJ 

155.9 

120.3 

160.0 

151.5 

143.4 

strength/density  ratio  are  repeated  from  table  II,  Material  E  is  seen  to 
produce  the  largest  values  of  both  bending  modulus  and  ultimate  tensile 
stress. 

The  values  of  flexural  modulus  for  the  urethanes  is  considerably  lower 
t^an  that  for  conventional  structural  materials.  Such  low  values  of  modulus 
would  result  in  relatively  large  values  of  deformation  under  load,  so  that 


14 


SOTie  degree  of  reinforcement  would  probably  be  necessary  in  a  practical  design. 
It  iSt  therefore,  important  to  carefully  examine  the  deformation  limitations 
in  any  full-scale  blade  design  in  ©▼•ler  to  determine  the  proper  working 
stresses  and  which  parts  would  have  to  be  constructed  of  reinforced  urethane. 
Higher  values  of  modulus,  of  course,  would  be  more  desirable,  but  it  is  not 
known  to  what  extent  that  can  be  achieved  with  current  urethane  fomulations. 

plt-fmate  stress.  -  Materials  B,  D,  and  E  were  tested  for  ultimate 
bending  moment  and  stress.  Material  D  is  microcellular  foam  with  modulus  of 
-ilasticlty  E  *  261  000  psi,  and  materials  B  and  E  are  rigid  foams  with 
moduli  of  elasticity  equal  to  271  000  and  458  000  psi,  respectively.  The 
spec4mens  used  for  these  tests  were  3/4  in.  by  3/4  in.  by  15  inches  beam 
specimens  with  a  gage  length  equal  to  12  inches,  giving  a  length— to-depth  ra¬ 
tio  equal  to  16.  The  specimens  were  prepared  in  accordance  with  the  D790  ASTM 
specif ications • 

The  load  was  applied  gradually  at  the  center  of  the  beam  specimen  (three- 
point  loading)  by  the  Rickie  Universal  Testing  Machine  until  the  specimen 
failed.  The  rate  of  the  applied  load  was  about  0.2  inch  per  minute.  Maximum 
bending  stress,  tension  or  compression,  was  computed  from  the  experimental 
maximum  load  at  failure  and  the  assumption  that  the  bending  stresses  through¬ 
out  the  specimen  at  the  ultimate  load  vary  linearly  from  the  neutral  axis. 

The  stress  distribution  at  the  ultimate  load,  however,  is  not  expected  to  be 
linear,  so  that  the  actual  maximum  bending  stress  would  be  lower  than  the  one 
computed  on  the  basis  of  linear  distribution. 

Load-deflection  data  up  to  the  failure  point  for  two  specimens  of  mate¬ 
rial  E  are  shown  in  table  VII,  and  the  corresponding  load-deflection  plots 
are  shown  in  figure  7.  The  deflection  variation  is  essentially  linear  for  half 
of  the  range.  The  calculated  maximum  bending  moment  was  795  inch-pounds  for 
the  first  specimen  and  840  inch-pounds  for  the  second  specimen.  The  corre¬ 
sponding  calculated  ultimate  bending  stresses  were  11  307  and  11  947  psi,  re¬ 
spectively,  for  an  average  value  of  11  627  psi. 

For  material  D,  the  beam  specimen  failed  at  the  center  of  the  gage 
length  when  the  maximum  load  was  220  pounds  (deflection  of  1.30  in.).  The 
maximum  bending  moment  was  660  inch-pounds  which  corresponds  to  a  maximum  bend¬ 
ing  stress  of  9387  psi.  Material  B  also  failed  at  the  center  of  the  gage 
length  when  the  load  reached  175  pounds  to  produce  a  maximum  bending  moment  of 
525  inch-pounds  and  a  calculated  maximum  bending  stress  of  7467  psi. 

The  specimens  of  the  three  materials  were  also  examined  visually  in  order 
to  determine  if  other  types  of  failures,  such  as  shear  and  bearing  stress, 
have  occurred.  No  other  failures,  except  those  due  to  bending,  were  observed. 

Values  of  calculated  ultimate  bending  stress  for  materials  B,  D,  and  E 
are  listed  in  table  VI.  For  these  materials,  the  calculated  ultimate  bending 
stress  (tension  or  compression)  appears  to  parallel  the  values  of  ultimate 
tensile  stress  obtained  from  the  tensile  tests.  As  expected,  the  calculated 
ultimate  bending  stress  is  considerably  larger  than  the  measured  ultimate  ten¬ 
sile  stress.  Material  E  is  seen  to  produce  the  highest  values  of  modulus 
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TABLE  VII,  -  LOAD- DEFLECTION  DATA  FOR  MATERIAL  E 


(a)  First  specimen.  (b)  Second  specimen. 

Ultimate  load  =  280  lb  Ultimate  load  =  265  lb 

Deflection  at  failure  =  1.03  in.  Deflection  at  failure  =  0.93  in. 


Load,  P,  lb 

Deflection,  A,  in. 

Load ,  P ,  lb 

Deflection,  A,  in 

0 

0 

0 

0 

25 

,087 

25 

.0690 

50 

.179 

50 

.1530 

75 

.262 

75 

.2430 

100 

•339 

100 

.3220 

125 

.410 

125 

,3960 

150 

,492 

150 

.4770 

175 

.584 

175 

.5650 

200 

.671 

200 

.6540 

225 

.776 

225 

.7470 

250 

.878 

250 

.8600 

275 

1.000 

265 

.930 

280 

1.030 

without  clear  warnlnsc.  It  broke 
at  the  centre  length.  Two  large  pieces  and  four  small  ones. 

The  test  went  very  well. 

Specimen  No.;  E7-3-1406  Sp.Gr.=  1.05 

Specimen  Dimensions;  3/4"x  3/4 **x  15”  3-Ft .  Loading 

Experiment  Date;  December  8,  1976  *■ 


CCMT.!EVTSr  Sgc:o>^d  SpeciA^&^^ ; 

The  specimen  broke  suddenly  without  very  clear  warning.  It 
broke  into  three  large  pieces  and  two  small  ones.  The  test  went 
very  well. 

Specimen  No,;  E6-3-1406  Sp.O.=  1.05 

Specimen  Dimensions;  3/4”x  3/4"x  15”  3-rt .  Loading 

Experiment  Date;  December  6,  1976 


COMMENTS;-  Fir&t  </»&»•,; 


The  specimen  broke  suddenly 
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0  .a  A  .6  .6  l.o  i.a 

Deflect  ion.  A,  in. 


Figure.  7.  -  Load  -de^lec4ion  cufv<e  -for  ma4er\o.\  t 
-4ei4ed  4*0  -foilure. 
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and  tensile  stress  and  the  next  to  the  highest  value  of  Btress/density  ratio. 


Flexural  Strain 

Strain  gage  tests  were  performed  for  beam  specimens  of  microcellular  foam 
material  D,  and  for  rigid  foam  material  E.  The  purpose  of  these  tests  was 
to  determine: 

(1)  Load-strain  relationships  for  structural  beam  specimens  under  loading 

(2)  Bending  tensile  and  compressive  characteristics 

(3)  Poisson’s  ratio 

(4)  Location  of  neutral  axis 

(5)  Hysteresis  characteristics 

(6)  Agreement  between  computed  and  experimental  stresses 

Because  the  beam  specimens  were  loaded  almost  to  the  failure  point,  these 
te^cs  also  provided  valuable  information  on  how  these  materials  behave  under 
high  levels  of  shear  force  and  bearing  stress. 

The  specimens  used  to  perform  these  tests  were  3/4  in.  by  3/4  in.  by 
15  inches  beam  specimens  with  a  12-inch  gage  length.  The  loading  increments 
were  applied  at  the  location  of  4  and  8  inches  from  the  support  (four -point 
loading) .  The  type  of  strain  gage  used  is  EA13-250BF-350  ohm.  Option  W,  with 
M-Bond  AE-10/15  adhesive. 

In  addition  to  the  strain  gages,  dial  indicators  were  placed  at  the  load 
application  points  in  order  to  measure  deflections  under  the  loading  points 
for  cross  checking  purposes  and  modulus  of  elasticity  computations.  Figure  8 
shows  a  photograph  of  an  instrumented  beam  specimen,  and  figure  9  shows  the 
beam  specimen  under  test  with  light  and  heavy  loads. 

Material  D.  -  The  first  strain  gage  bending  tests  were  performed  on  the 
microcellular  foam  material  D.  Six  strain  gages  were  used  with  locations  as 
indicated  in  figure  10.  A  maximum  load  of  ^L  ”  ~  grams  was  used, 

which  corresponds  to  around  38  percent  of  ultimate  strength.  Some  permanent 
deformation  was  observed  after  unloading,  but  the  beam  specimen  regained  very 
closely  its  initial  undeformed  status  shortly  after  unloading.  Most  of  the 
recovery  took  place  during  the  first  30  minutes  after  unloading. 

The  strain  gage  readings  in  raicroinches  per  inch  (pin. /in.)  for  strain 
gages  1  to  6  are  recorded  in  appendix  B,  and  the  load-strain  curves  for  all 
strain  gages  are  plotted  in  figure  11  (absolute  values  of  strain) .  The  varia¬ 
tion  of  strain  with  load  is  very  nearly  linear.  Strain  gages  1  and  3,  which 
should  give  tlie  same  numerical  value,  do  so  within  about  3  percent.  The  same 
applies  for  the  pair  of  strain  gages  2  and  4  and  strain  gages  5  and  6.  Such 
results  are  considered  excellent  in  view  of  experimental  inaccuracies  and 
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Bending  test  specimen  equipped  with  electrical  strain  gages 


Sped  tv\erv  No.:  D7-7556-^b*3- Sp.G.^o.'^t 

SpcCtm^^i  difs'ension.s:  *  V4  >5  4  -  pT.  loadint^ 

Number  of  “^-brain  io 

"Tes+In^  da-le*.  September  i&,  iH'Ko 
Gooe  leh^fb:  15-  in. 


4 


0.74.*' 

(mea-6are<i) 


3,6-  1^3/8" 

(b).C  ro$6.  4ec4ion  (X-f  4* 


Fi^uLre  10.-  Strain  set-up  -for  tmfl.teried  D. 
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AOOOO 


a:  UOOO 


V  o<OUU  ^UUU  fcOOO  3000  10000 

S+rain,  6,  juuin/in. 

rigure  II.-  LoclcI  -  s-traln  carves  -fo**  s-Vrain 
<gcu(^e£>  “Por  material  0. 

small  differences  in  the  cross  sectional  dimensions  of  the  specimen. 

equal  numerical  values  of  gages  1  and  3,  and  gages  2 
and  4  indicate  that  the  neutral  axis  coincides  with  the  centroidal  axis  of  the 
cross  section.  This  result  is  illustrated  for  the  values  of  the  maximum 
strains  in  appendix  B, 

The  Poisson's  ratio  for  material  D  was  determined  by  using  the  readings 
ot  strain  gages  1  and  5  for  compression,  and  the  strain  gage  readings  of 
strain  gages  3  and  6,  for  tension  (table  B2) .  The  average  value  of  the  Pols- 


fof  tension  are  given  in  table  VIII.  For  com- 
Lnffnn  PoissoD  8  ratio  values  ranged  between  0.388  and  0.396,  and  for 

table  VIII.  -  MATERIAL  PROPERTIES  FROM 
FLEXURAL  STRAIN  TESTS 


Property 

Material 

D 

E 

Modulus,  E,  Ib/in^xlO^ 

248 

433 

Poisson's  ratio: 

Conqjression 

0.393 

0.366 

Tension 

0.362 

0.364 

Maximtan  deflection,  in. 

Beam  equation 

0.315 

!  0.196 

Measured 

0.320 

0.190/0.197 

Maximum  stress,  Ib/in^: 

Beam  equation 

2195 

2383 

Strain  equation 

2137 

2350 

!  “odulos  of  elasticity  E  for  this  specimen  was  calculated  from  the 
measured  deflections  (appendix  B)  and  listed  in  table  VIII.  The  value  ob- 

less  than  the  value  of  261  000  psi  determined  in  the  earlier 
g  strength  tests  (table  VI) .  The  experimental  value  of  modulus  E 
in  conjunction  with  the  experimental  maximum  strain  value,  was  then  used’ to 

tLn  ®  beam  problem  for  the  maximum  load.  The  results  of  the  calcula- 

an^J®  r/”  appendix  B)  are  listed  in  table  VIIl!  ExJerimentaJ 

and  computed  values  of  stress  differ  by  only  about  2  percent. 

deflection  of  the  beam  specimen  at  the  maximum  load  was  calculated  hv 

ment  is  expected,  however,  inasmuch  as  the  modulus  value  used  in  th^ 

S'*deflLcSn°’^^Thrco^  determined  from  the  beam  equation  with  measured  values” 
or  aerrection.  The  comparison  agreement  is  basically  a  reflection  of 

vflura^^^'T^''  '"it  modulus  at  maximum  loading  and  the  average 

(  •  •f  linearity  of  load— deflection  curve). 

ure  12.  Strain  efefo  ^  ^ages  is  shown  in  fig- 

son's  ratio!  r  5  gages  1  and  6  were  used  to  determine  Pois- 

s  for  tension  and  compression,  respectively.  Dial  Indicators  were 
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also  placed  at  the  local  application  points  in  order  to  oeasure  the  deflection 
points  for  the  same  reasons  as  for  material  D»  The  maximum  load  applied  to 
the  beam  at  each  load  application  point  was  19  000  grams  for  a  total  load  of 
38  000  grams*  This  corresponds  to  a  maximum  tensile  or  compressive  stress  of 
2383  psi.  Measured  values  of  deflection  and  strain  resulting  from  the  loading 
increments  are  given  In  appendix  B. 

o  0000  1“  j  To  A  7  r  r  "  I  nsr” «  i  i 


I -2.000 


400 C 


^000  4000  4,000 

S+rcL\rv  ,  ,  |LLin./ln. 

Figure  13.  -  Load-strain  curves  for  strain  gages 
1  through  6  for  material  E. 


The  load-strain  curves  for  all  gages  are  plotted  In  figure  13.  These 
curves  are  about  linear  for  these  levels  of  stress,  just  as  it  was  for  mate 
rial  D.  Strain  gages  1  and  3,  for  compression  and  tension,  respectively, 
read  nearly  the  same  values,  which  indicates  that  the  material  performs 


equally  well  for  tension  and  compression.  Similar  observations  are  made  by 
examining  the  res;»lts  from  the  pairs  of  strain  gages  2  and  4,  and  gages  5 
and  6.  These  results  also  indicate  that  the  neutral  axis  of  the  beam  sped- 
men  coincides  with  the  centroidal  axis  of  the  cross  sections. 

The  range  of  Poisson's  ratio  for  compression  was  between  the  values  0.362 
and  0.372,  and  that  for  tension  was  between  0.360  and  0.367,  which  Indicates 
good  consistency  of  results.  Average  values  for  material  E  are  listed  in 
table  VIII. 

in  the  case  of  material  D,  comparison  calculations  of  maximum  bending 
stress  and  maximum  deflection  were  made  for  material  E.  Maximum  stress  was 
computed  from  the  beam  equation  and  compared  to  the  value  obtained  from  the 
modulus  and  maximum  strain.  Maximum  deflection  was  calculated  from  the  con¬ 
jugate  beam  method  and  compared  to  the  measured  value.  Details  of  the  cal¬ 
culations  are  given  in  appendix  B,  and  results  are  listed  in  table  VIII.  Once 
again,  as  expected,  there  is  good  comparison  between  calculated  and  measured 
values.  Also,  the  value  of  flexural  modulus  is  reasonably  close  to  the  value 
determined  earlier  for  material  E  in  table  VI. 

After  recovery  from  the  19  000  gram  loading,  the  beam  specimen  of  mate¬ 
rial  E  was  loaded  gradually  a  second  time  to  a  maximum  load  of 

®  Pr  ”  556  grams  (85  lb)  which  is  about  80  percent  of  the  ultimate  capac¬ 

ity  of  the  specimen.  After  several  days  of  recovery,  the  beam  specimen  was 
loaded  for  the  third  time  up  to  90  percent  of  ultimate  load  strength  (90  lb) . 
For  this  test,  strain  gage  readings  were  obtained  for  both  loading  and  unload¬ 
ing.  Then,  after  several  days  of  recovery,  the  loading  of  the  specimen  was 
repeated  for  the  fourth  time,  again  up  to  90  percent  of  ultimate  strength. 
Strain  gage  readings  and  load-strain  curves  for  these  tests  are  presented  in 
appendix  B. 

The  results  of  these  tests  of  repeated  loadings  indicate  essentially  no 
change  in  the  load-strain  variations  of  the  individual  strain  gages.  The 
loading  at  higher  levels  produced  an  extention  of  the  individual  strain  gage 
variations  established  in  figure  13.  A  high  degree  of  linearity  was  main¬ 
tained  for  gages  1  and  3,  and  a  tendency  toward  an  increased  rate  of  strain 
was  observed  for  the  other  gages  at  the  higher  loadings. 

Examination  of  data  values  indicates  that  the  neutral  axis  coincides  with 
the  centroidal  axis  of  the  beam  specimens.  Comparisons  of  calculated  bending 
stress  obtained  from  the  strain  relation  and  from  the  flexure  formula  agree 
to  within  4  percent  at  these  higher  levels  of  loading.  Other  properties  of 
the  material  such  as  Poisson’s  ratio,  shear  strength,  and  bearing  capacity 
are  well  in  order  at  90  percent  of  ultimate  strength.  No  failures  of  any 
kind  were  observed  in  the  material  during  or  after  loading,  and  the  specimen 
appeared  to  recover  rather  well  its  initial  shape  shortly  after  uraoading. 


Creep  Resistance 

The  four  microcellular  foams  and  the  five  rigid  foams  were  tested  for 
creep  resistance  by  following  the  D674  and  D2990  ASTM  standards  for  plastics. 
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Two  types  of  creep  tests  are  performed;  bending  creep  and  tensile  creep.  The 
purpose  of  these  tests  was  to  find  out  how  much  these  materials  deform  under 
instant  stress  for  long  periods  of  time.  Although  creep  may  be  negligible  at 
low  stress  levels,  it  could  create  undesirable  structural  distortion  In  the 
course  of  time.  Creep  can  occur  at  any  temperature,  but  Its  rate  depends  upon 
the  magnitude  of  the  temperature  and  the  level  of  stress.  Since  these  tests 
Preliminary  diagnostic  nature  only,  they  were  performed  at  room  tem¬ 
perature  with  various  levels  of  stress. 

Bending  creep.  -  Bending  creep  tests  were  performed  with  3/4  in.  by 
3/4  in.  by  15  inchet,  beam  specimens  with  a  gage  length  of  12  inches.  Two  test 
series  were  conducted.  The  first  was  a  screening  test  of  all  nine  materials 
at  relatively  short  time  duration  (hours) .  The  best  material  from  this  test 
was  then  evaluated  over  a  much  longer  period  of  time  (days) .  The  screening 
bending  creep  tests  for  the  nine  materials  were  limited  to  about  240  to  300 
minutes  of  constant  load  application.  For  these  tests,  two  or  three  judi¬ 
ciously  selected  load  or  stress  levels  were  used  for  each  material.  The  ver¬ 
tical  load  was  applied  at  the  center  of  the  gage  length  (three-point  loading) 
at  specified  intervals  of  time  for  each  specified  bending  stress  level. 

toterial  B,  for  example,  was  subjected  to  three  constant  loads  of  time 
urations  270,  240,  and  210  minutes.  The  magnitude  of  the  first  load  was  6000 
grams  which  corresponds  to  a  calculated  maximum  bending  stress  of  564  psi*  the 
noo  a  calculated  stress  of  753  psi;  and  the  third 

T  ^  calculated  bending  stress  of  1317  psi.  The  deflections 

a  at  the  center  of  the  specimen  were  recorded  every  10  minutes  as  shown  in 
^pendix  C.  The  loading  of  the  specimens  as  well  as  the  unloading  was  gradual. 
The  deflection  against  time  graphs  are  shown  in  figure  14.  These  plots  show 
ttet  creep  rate  is  much  higher  during  the  first  hour,  with  decreasing  values 
thereafter.  The  figure  also  shows  that  higher  stress  levels  produce  higher 
values  of  bending  creep.  Theoretically,  these  results  follow  in  principle 
those  observed  in  metals  that  are  commonly  used  as  structural  materials,  ex¬ 
cept  that  the  stress  levels  for  equivalent  amounts  of  creep  are  much  higher. 

When  the  specimens  were  unloaded  gradually  to  zero,  a  certain  amount  of 
permanent  deformation  was  left  in  the  material.  However,  this  permanent  de¬ 
formation  is  not  really  permanent.  The  tests  showed  that  the  deformation  is 
recovered  almost  completely  in  time.  Almost  80  percent  of  the  permanent  de¬ 
formation  was  recovered  during  the  first  20  to  30  minutes  after  unloading,  be- 

K  high  during  this  interval  of  time.  Additional 

testing  however,  is  needed  to  accurately  estaMish  the  pattern  of  recovery. 

materials  A,  B,  C,  and  D  are  shown 

A  and  D  are  microcellular  foams  and 
F  F  a  bending  creep  for  rigid  foam  ma- 

of  ^  figure  15(b).  For  these  materials,  loads 

ot  14  000  grams  corresponding  to  a  calculated  maximum  bending  stress  of  1317 
psi,  and  24  000  grams  producing  a  calculated  bending  stress  of  2258  psi  were 
applied.  The  bending  creep  variation  for  material  GG  was  about  the  .same  as 
^  (slightly  less  resistance),  and  therefore,  it  is  not  in¬ 
cluded  in  the  plot.  Materials  G  and  GG  are  about  the  same  materials,  the 
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difference  being  primarily  in  the  curing  or  stress  relief  process. 

On  the  basis  of  the  least  amount  of  creep,  figure  15  shows  that  materials 
E  and  G  are  the  best  (material  GG  is  also  as  good  as  G) .  Another  com¬ 
parison  can  be  made  on  the  basis  of  the  fractional  increase  in  elongation 
over  the  initial  value  of  deflection  caused  by  the  applied  load.  The  variation 
of  this  parameter  (A  -  Aq)/Ao  at  200  minutes  with  calcuJated  bending  stress  is 
shown  in  figure  16  for  the  materials  tested.  Values  of  fractional  creep  in 
figure  16(a)  were  obtained  from  measured  initial  deflections  Aq  presented  in 
appendix  C,  and  in  figure  16(b)  they  were  obtained  from  initial  deflections 
calcu^ted  from  the  beam  equation. 

Figure  16  shows  that  the  creep  fraction  for  these  materials  tends  to  de¬ 
crease  with  increasing  stress  levels,  and  that  materials  D,  E,  F,  and  G  pro¬ 
duce  the  lowest  values.  Inasmuch  as  material  E  also  has  the  best  values 
of  modulus  and  ultimate  tensile  stress  (table  VI) ,  it  was  selected  for  the 
long-duration  creep  test. 

For  the  long-duration  bending  creep  test  performed  on  material  E,  the 
beam  specimen  was  loaded  at  the  center  of  the  gage  length  by  a  constant  load 
of  21  000  grams  for  60  days,  that  is,  1440  hours.  This  load  corresponds  to  a 
constant  calculated  maximum  bending  stress  of  2000  psi  applied  to  the  beam 
specimen*  The  purpose  of  selecting  the  maximum  bending  stress  of  2000  psi  for 
this  test  is  to  find  out  how  well  this  material  resists  bending  creep  if  this 
stress  is  selected  as  the  design  stress. 

The  values  of  the  measured  deflections  A  and  the  bending  creep  A  -  Aq 
for  each  time  interval  are  tabulated  in  appendix  C.  A  plot  of  the  bending 
creep  is  shown  in  figure  17.  This  plot  shows  that  the  highest  creep  rate 
occurs  during  the  first  few  days.  The  rate  of  creep  slows  gradually  until 


Figure  17.  -  Long-term  bonding  creep  for  material  E. 
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around  26  days.  From  there  on  the  curve  shows  a  very  small  and  essentially 
constant  Increase  In  creep.  These  results  are  similar  to  those  observed  in 
structural  metal  materials  such  as  structural  steel. 

The  experixaental  values  of  the  bending  creep  during  the  time  interval 
between  16  and  32  days  Indicate  that  the  curve  is  somewhat  wavy  within  this 
interval.  This  wall  abnormality  is  attributed  to  the  appreciable  changes  in 
room  temperature  during  the  ni^t  hours  due  to  energy  conservation  policies 
adopted  by  the  test  laboratory.  The  temperatures  indicated  in  the  table  are 
the  room  temperatures  during  the  day  and  at  the  time  deflections  were  recorded. 

The  above  results  indicate  that  the  total  deflection  due  to  bending  creep 
during  the  60  days  is  0.06  inch.  This  is  about  40  percent  of  the  initial  de¬ 
flection  of  0.1435  inch  at  zero  time  due  to  the  21  000-gram  load,  and  only 
about  4  percent  of  the  amount  the  beam  specimen  will  deflect  if  it  is  loaded 
to  failtire  (test  results  Indicate  that  the  beam  specimen  will  deflect  1.4  inch 
when  the  load  is  gradually  increased  until  the  beam  specimen  falls)  • 

Tensile  creep.  -  The  tensile  creep  tests  were  performed  with  standard 
0.5  inch  round  specimens  which  were  prepared  in  accordance  with  the  require¬ 
ments  set  by  the  D2990  ASTM  standards.  The  ends  of  the  specimen  were  threaded 
so  that  it  could  be  connected  to  the  Baldwin  Testing  Machine  for  tension  load¬ 
ing.  Figure  18  is  a  photograph  of  a  specimen  in  the  tensile  creep  test  setup. 
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Figure  18.  -  Tensile  creep  test 
apparatus. 


Material  GG,  which  is  a  rigid  foam  material,  was  selected  for  the  ten¬ 
sion  creep  test.  A  load  of  20  pounds  was  placed  on  the  testing  machine  which 
produced  an  equivalent  axial  tensile  load  on  the  specimen  equal  to  420  pounds 
which  corresponds  to  a  stress  of  2140  psi.  The  specimen  was  subjected  to  this 
stress  continuously  for  35  days.  A  gage  length  of  1.934  inches  was  selected, 
and  the  changes  of  thio  length  during  the  35  day  Interval  were  recorded.  The 
tension  creep  deflections  and  accumulations  for  material  GG  are  tabulated  in 
appendix  C.  The  plot  of  these  accumulations  against  time  is  shown  in  fig¬ 
ure  19. 


Figure  19.  -  Tension  creep  for  material  GG. 


Figure  19  indicates  that  almost  all  of  the  creep  occurs  during  the  first 
24  hours  of  loading.  After  the  first  day,  the  curve  is  practically  horizontal, 
which  means  that  the  creep  is  essentially  constant  and  the  creep  rate  is  prac¬ 
tically  zero.  The  small  variations  of  the  experimental  values  of  the  creep 
during  the  flat  portion  of  the  curve  are  attributed  practically  to  the  temper¬ 
ature  variations  of  the  laboratory  between  day  and  night  previously  mentioned. 

The  results  up  to  this  point  indicate  that  the  creep  data  for  material  GG 
(and  presumably  for  material  E)  follow  acceptable  patterns.  Since  these  tests 
are  exploratory  in  nature  in  order  to  define  if  urethanes  can  be  used  as  a  po¬ 
tential  wind  blade  material,  additional  tests  are  needed  to  accurately  define 
the  acceptable  levels  of  creep  that  can  be  used  in  the  design  of  wind  turbine 
blades.  Also  it  should  be  taken  into  consideration  that  a  design  would  most 
likely  require  that  the  blade  or  part  of  it  be  constructed  of  reinforced  ure¬ 
thane.  Further  resistance  to  creep  would  be  provided  in  that  case. 


Fatigue  Strength 

The  materials  of  rotating  wind  turbine  rotor  blades  are  expected  to  be 
subjected  to  repeated  stress  of  various  magnitudes  resulting  from  the  aero¬ 
dynamic,  gravity,  and  centrifugal  forces  acting  on  the  blade.  These  effects 
can  be  flexural,  torsional,  plain  tension,  or  some  combination  of  all  three. 

It  is,  therefore,  important  to  determine  how  urethane  materials  resist  deteri- 
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oration  resulting  from  repeated  stress. 

The  urethane  materials  tested  for  fatigue  strength  are  the  rigid  foam  CG 
and  the  mlcrocellular  foam  H.  Since  the  nature  of  this  investigation  is  di¬ 
agnostic,  this  fatigue  property  was  evaluated  by  performing  a  limited  number 
of  tension  fatigue  tests  at  room  temperature.  The  specimen  used  is  the  f»an° 
type  as  the  ones  used  for  the  temperature  tests.  The  thickness  for  the  fatigue 
specimens,  however,  is  somewhat  larger  (3/8  in.),  the  gage  length  is  the  same 
(3  in.),  and  the  width  is  either  2  or  1.5  inches.  The  overall  length  of  the 
specimen  is  12  Inches.  A  photograph  of  the  specimen  in  the  CGS  test  machine 
Ijk  shown  in  figure  20. 

Specimen  eccentricity  during  the  conduct  of  these  tests  did  not  exceed 
0.005  inch.  Slight  eccentricity  of  axial  load  can  cause  serious  flexural 
stresses  on  the  loaded  specimens  which  can  cause  the  specimens  to  fall  mi:rh 
sooner  than  when  prefectly  alined. 

The  rigid  foam  material  GG  was  tested  first  by  apolylng  repeated  ten— 
Bi'j.-  stress  levels  of  2200,  1500,  and  1000  psi.  The  fatigue  tensile  load  was 
applied  by  the  CGS  closed  loop  hydraulic  machine  at  a  speed  of  5  and  10  cycles 
per  second.  The  specimen  tested  at  the  repeated  tensile  stress  of  2200  psi 
was  left  on  the  CGS  machine  until  it  reached  2  million  cycles.  At  the 
2-mlllion  mark,  the  specimen  was  taken  out  of  the  machine  and  examined.  No 
visible  sign  of  any  kind  of  failure  was  observed.  However,  in  view  of  the  !;•?- 


Figure  20.  -  Tensile  fatigue  test 
setup. 
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dlcated  design  life  for  wind  turbine  blades  of  the  order  of  20  to  100  million 

tS  Ixtended  fatigue  life  of  the  atethaaaa  »in  have  to  be  damonstratad 

by  further  testing. 

Due  to  some  changes  introduced  in  the  cure  process  during  the  preparation 
of  the  specimens,  a  number  of  these  specimens  exhibited  imperfections  in  the 
form  of  circular  or  eliptical  holes  of  various  size  inside  the  material.  Th 
types  of  imperfections  were  not  observed  in  other  batches  of  the  °  ~ 

lar  rigid  foam  materials  during  the  performance  of  other  tests. 
imperfections  can  be  eliminated  in  a  practical  application,  it  was  decided  t 
investigate  any  potential  deliterious  effect  of  this  factor  on  fatigu-' 

Strength. 

A  specimen  tested  at  a  repeated  tensile  stress  of  1000  psi  and  a  speed  of 
5  cycle^erScond,  had  a  sizLble  eliptical  hole  in  its  3/8  inch  thickness 
with  a  major  axis  of  0.10  inch  and  a  minor  axis  of  0.05  inch.  This  specimen 
broke  at  the  eliptical  imperfection  after  755  900  cycles 
pleted.  Another  specimen  tested  at  a  repeated  stress  of  pOO  psi  ® 
of  5  cycles  per  second  had  three  small  circular  imperfections,  about  0.03  inch 
in  diameter.  This  specimen  also  broke  at  the  circular 

completed  729  000  stress  cycles.  Additional  tests  showed  that  imp 

fections  produced  further  reductions  in  the  fatigue  resistance  8 

materials.  The  conclusion  from  these  limited  tests  is  that  rigid  foam  ^ 
rials  may  have  acceptable  fatigue  properties  as  long  as  serious  material  im- 
perfections  can  be  eliminated. 

The  microcellular  foam  material  H  was  also  tested  to  some  extent  for 
fatigue  resistance.  The  ecimen  was  subjected  to  a  repeated  tensile  ® 
of  1500  psi  at  the  speed  of  12  cycles  per  second.  The  specimen  was  left  in 
the  CGS  machine  until  1  million  cycles  of  stress  were  completed.  After  the 
specimen  was  taken  out  of  the  machine  and  examined,  no  visual  signs  of  any 
kind  of  failure  were  observed.  No  visual  signs  of  any  kind  of  imperfections 
inside  this  material  were  observed  during  all  tests  performed  on  this  ^^e- 
rial.  Thus,  microcellular  foam  as  well  as  rigid  foam  may  have  acceptable  a- 
tlgue  properties  over  the  life  ranges  tested. 


MODEL  BLADE  SECTION  TESTS 

The  second  phase  of  the  program  involved  the  design,  construction,  and 
testing  of  a  large-scale  urethane  blade  section.  The  purpose  was  to  demon- 
strate  the  fabrication  techniques,  and  to  obtain  the  structural  capabilities  o 
urethane  in  a  realistic  rotor  blade  configuration.  Three  model  blade  sections 
were  cast  for  testing.  The  results  of  such  large-scale  model  blade  tests  could 
then  be  used  as  inpu:s  to  an  analysis  of  a  full-scale  blade  design  to  be 
covered  in  a  succeeding  section. 


Design 

The  23  000  series  airfoils  are  often  used  for  wind  turbine  rotor  blade 
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shapes*  Thtis,  this  profile  was  considered  for  the  test  models*  In  order  to 
keep  the  costs  at  a  minimum  and  still  obtain  realistic  values,  a  symmetrical 
airfoil  with  approximately  the  same  distribution  of  cross-sectional  area  as  the 
23  000  airfoil  series  was  selected.  Thus,  only  one  mold  need  be  used  for  both 
the  top  and  bottom  surface.  Figure  21  illustrates  how  closely  a  symmetrical 
configuration  (0012)  nuitches  an  actual  airfoil  section  (23012)  for  a  represen¬ 
tative  profile  of  12  percent  maximum  thickness. 

Examination  of  the  blade  developed  for  the  125-f JOt-dlameter  MDD-0  system 
(ref.  2)  indicated  that  a  chord  length  of  30  inches  and  a  maximum  thickness 
ratio  of  approximately  15  percent  would  be  representative  of  a  cross  section 
at  80  percent  of  the  radius  from  the  hub  on  the  existing  full-scale  blade. 

For  the  purpose  of  this  program,  a  test  section  approximately  7-foot-long  with 
a^chord  length  of  30  Inches  was  selected.  The  test  section  length  was  selected 
80  that  it  would  be  large  enough  to  get  realistic  values  and  yet  could  be  made 
using  existing  mixing  equipment.  The  coordinates  of  a  symmetrical  13  percent 
thick  (0015)  airfoil  section  of  30-inch  chord  length  are  given  in  table  IX. 

Once  the  surface  configuration  was  established,  tooling  for  the  test  section 
was  initiated.  The  physical  properties  of  the  blade  from  then  on  were  a  func¬ 
tion  of  the  design  of  the  interior  part  of  the  mold. 

The  selected  cross-sectional  shape  for  the  blade  model  is  shown  in  fig¬ 
ure  22(a).  A  two-spar  type  of  hollow  arrangement  was  used  to  provide  stiff¬ 
ness  and  sufficient  surface  area  to  bond  the  two  halves  together.  A  total  con¬ 
tact  area  of  approximately  750  square  inches  were  provided  for  this  purpose. 


TABLE  IX.  -  COORDINATES  OF  0015  AIRFOIL  SECTION 
[Leading  edge  radius,  1.975  in.,  nominal  chord  length,  30  in.] 

••X"  %  of 

Chord  "X”  Inches  "Y”  %  Chord  "Y”  Inches 


0 

0 

1.25 

.375 

2.50 

.750 

5.00 

1.500 

7.50 

2.25 

10.00 

3.00 

15.00 

4.50 

20 

6.00 

25 

7.50 

30 

9.00 

40 

12 

50 

15 

60 

18 

70 

21 

80 

24 

90 

27 

95 

28.5 

100 

30 

0 

0 

2.368 

0.7104 

3.269 

0.9807 

4.444 

1.332 

5.250 

1  1.575 

5.854 

1.756 

6.681 

2.004 

7.173 

2.132 

7.426 

2.228 

7.5C3 

2.251 

7.254 

2.176 

6.6iS 

1.985 

5.704 

1.711 

4.580 

1.374 

3.279 

0.984 

1.810 

0.543 

1.009 

0.303 

0 

0 
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The  skin  thickness  varied  from  5/8-inch  in  the  forward  part  of  the  blade  to 
3/8  inch  at  the  trailing  edge. 

In  order  to  analytically  determine  the  moment  resisting  capability  of 
the  model  blade >  the  section  was  divided  into  19  chordwise  segments.  The 
actual  blade  thickness  in  each  segment  was  then  approximated  by  a  rectangular 
element,  and  the  total  area  and  moment  of  inertia  of  the  blade  was  then  ob¬ 
tained  from  the  sums  of  the  individual  segments.  Details  of  the  calculation 
are  given  in  appendix  D. 

The  calculated  values  of  section  modulus  and  cross  section  area  allowed 
calculation  of  the  moment  resisting  capability  and  weight/foot  of  span  of  the 
blade.  These  are  illustrated  in  figure  23.  The  moment  resistance  is  shown 
for  a  design  bending  stress  range  of  1000  to  4000  pounds  per  square  inch,  and 
the  wei^t  is  shown  for  densities  corresponding  to  specific  gravities  from 
around  0.80  to  1.2.  Thus,  for  a  urethane  material  with  a  design  bending  stress 
of  2000  pounds  per  square  inch  and  a  density  of  65  pounds  per  cubic  foot,  the 
blade  section  moment  resistance  is  56  600  in- lb,  and  the  weight  per  foot  of 
span  is  20.43  pounds  per  foot. 

The  model  blade  section  thus  designed  had  its  weight  distributed  about 
the  31  percent  chord  point.  To  determine  if  the  section  could  support  the 
same  bending  moment  with  its  weight  further  toward  the  nose,  a  redistributed 
profile  was  examined.  For  the  same  total  area,  the  new  distribution  produced 
a  section  modulus  within  less  than  5  percent  of  the  original  configuration  with 
a  shift  in  center  of  weight  from  the  31  percent  chord  position  to  about  the 
27  percent  point. 

Since  the  earlier  property  tests  Indicated  that  metal  reinforcement  would 
be  required  to  increase  the  load-carrying  capability  of  urethane,  a  second 
model  blade  test  section  was  designed  for  the  inclusion  of  t-70  5/8-inch- 
diameter  standard  reinforcement  rods.  These  bars  were  to  be  placed  about 
1^  inch  from  the  centerline  at  approximately  one  third  of  the  chord  from  the 
nose,  as  shown  in  figure  22(b}.  No  attempt  was  made  to  obtain  any  specified 
value  of  stiffening  with  the  rods. 


Fabrication 

The  urethane  blade  test  section  was  cast  in  a  single  mold  as  two  separate 
halves  that  were  then  bonded  together  to  form  the  complete  blade  section.  A 
photograph  of  the  mold  and  the  urethane  injection  head  located  at  the  base  of 
the  mold  is  shown  in  figure  24.  The  inside  surface  of  the  urethane  is  shown  in 
figure  25,  and  the  removed  half  section  is  shown  in  figure  26.  The  completed 
blade  section  after  bonding. of  the  two  halves  is  shown  in  figure  27.  Adhesive 
number  7556-136-lA  was  utilized  for  the  bond.  After  bonding,  the  blade  section 
surface  was  filled  and  painted. 

The  material  used  to  make  the  test  blade  section  was  microcellular  foam 
material  H.  This  urethane  formulation  has  a  modulus  of  231x10^  pounds  per 
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Figure  25r  Calculated  properties  of  model  blade 
section  of  unreir^forced  urethane. 
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urethane 


square  Inch  and  an  ultimate  tensile  strength  of  5473  pounds  per  square  Inch 
(table  VI).  The  length  of  the  blade  section  is  about  7  feet,  the  chordwise 
dimension  is  about  29  Inches,  and  the  maximum  cross-sectional  thickness  is 
about  4.6  Inches.  The  model  blade  was  designed  to  represent  a  simplified  ver¬ 
sion  of  a  7-foot  section  of  the  MOD-0,  62.5-foot  blade  located  at  about  the 
80  percent  radius  point.  The  cross-rsectlonal  dimensions  are  uniform  through- 
out  the  span  of  the  section,  and  there  is  no  twisting  of  the  section.  Details 
of  the  blade  dimensions  are  given  In  appendix  D» 

Three  complete  blade  sections  were  constructed:  one  of  all  urethane  ma¬ 
terial  (fig.  22(a));  and  two  with  reinforcing  rods  added  (fig.  22(b)).  Tne 
reinforcement  consisted  of  two  5/8-lnch  steel  rods  running  throughout  the 
length  of  the  blade,  one  In  each  half  section,  located  about  10  Inches  from 
the  leading  edge  of  the  blade.  The  rods  were  placed  in  the  mold  at  the  se- 
o  locations  prior  to  the  injection  of  the  urethane.  These  rods  weighed 

2.08  pound-per-foot  of  length. 


Tests 


Both  the  unreinforced  and  reinforced  model  blade  sections  were  tested  In 
bending,  torsion,  and  free  vibration.  A  special  fixture  was  prepared  to  pro¬ 
vide  a  rigid  attachment  for  the  test  blade  -sections.  The  fixture  was  con¬ 
structed  of  steel  and  weighed  around  8000  pounds.  The  rigid  fixture  was  bolted 
to  the  hooks  of  a  rigid  platform.  Each  hook  of  the  platform  is  capable  of 
carrying  a  50-ton  force.  A  photograph  of  the  test  blade  attached  to  the  sup¬ 
port  fixture  Is  shown  in  figure  28.  The  base  of  the  blade  was  inserted  Into  a 


Figure  28.  -  Model  blade  section  in  attachment 
fixture. 
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through  the  blade  to  attach  It  to  the  sleeve.  All  tests  were  conducted  in 
this  setup. 

Bending.  -  For  the  spanwine  bending  tests,  a  vertical  load  P  was  ap¬ 
plied  gradually  at  the  free  end  of  the  blade  at  the  shear  center  until  the 
blade  failed  at  the  fixed  end.  The  vertical  load  was  applied  with  a  3000- 
pound  Sampson  Crane  Scale  as  shown  in  figure  29.  Readings  of  vertical  deflec¬ 
tion  were  taken  at  every  100-pound  increment  of  load. 


Figure  29.  -  Model  blade  section  under  bending  load. 


For  the  unreinforced  blade,  the  section  broke  at  the  fixed  end  when  the 
applied  load  reached  950  pounds  for  a  maximum  moment  of  81  166  inch-pound.  The 
data  collected  are  recorded  in  appendix  D.  Also  shown  in  the  appendix  is  the 
calculation  of  deflection  and  bending  stress  as  predicted  from  the  relations 
for  a  cantilever  beam  with  concentrated  load  at  the  free  end. 

Figure  30  shows  the  measured  moment-deflection  plot  and  the  variation  in 
calculated  deflection.  Measured  deflection  is  linear  with  applied  moment  for 
nearly  the  entire  range.  The  maximum  measured  deflection  of  the  blade  section 
is  quite  large  (around  22  in.  compared  to  84  in.  of  length).  Furthermore,  the 
measured  deflection  is  considerably  larger  than  the  corresponding  calculated 
value  (22.25  compared  to  10.43  in.).  This  large  difference  is  most  likely  the 
result  of  some  local  yielding  and  rotation  in  the  blade  base  attachment. 


A  source  of  section  weakening  at  the  root  of  the  blade  section  is  the  four 
vertical  bolts  that  were  used  to  secure  the  base  section  of  the  blade  to  the 
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fixture  sleeve.  As  shown  by  the  series  of  photographs  of  the  blade  failure  in 
figure  31,  failure  occurred  in  the  plane  of  the  three  forward  bolt  holes  in 
the  lower  half  of  the  blade.  These  bolt  holes  reduced  the  value  of  section  I 
by  about  10  percent  at  the  blade  root  and  also  created  local  stress  concentra*- 
tions. 

In  view  of  the  relatively  short  depth  of  the  attachment  sleeve  at  the 
blade  root,  it  is  probable  that  a  rigidly  fixed  end  was  not  achieved  with  the 
test  setup  used.  However,  for  this  effect  to  be  the  cause  of  the  large  meas¬ 
ured  deflection,  the  blade  base  would  have  had  to  rotate  approximately  6.8®  in 
the  sleeve  during  the  loading. 

The  calculated  maximum  bending  stress  at  the  base  of  the  test  section  is 
plotted  in  figure  32.  At  failure,  a  calculated  stress  of  2267  psi  was  obtained 
based  on  the  moment  of  inertia  of  the  full  blade  section.  The  stress  variation 
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Figure  32.  -  Maximum  bending  stress  for  unrein- 
forced  model  blade  section  of  material  H. 


for  the  I  reduced  by  the  bolt  holes  Is  shown  by  the  dashed  line  on  the  fig¬ 
ure.  The  difference  between  the  dashed  line  at  failure  (2518  psi)  and  the 
ultimate  tensile  strength  of  5473  psi  (determined  from  specimen  tensile  tests 
for  material  H)  can  be  regarded  as  a  form  of  stress  concentration.  The  stress 
concentration  factor  for  these  data  is  f^  ■  2.17.  Such  a  value  is  not  un¬ 
reasonable  for  the  effect  of  bolt  holes  in  Kittle  materials. 

The  calculated  bending  stress  at  failure  (with  the  stress  concentration 
factor)  is  considerably  below  the  value  of  tt;timated  ultimate  bending  stress 
as  determined  from  specimen  flexure  tests  (upper  dashed  line).  The  value  of 
9000  pound  per  square  inch  was  selected  for  material  H  based  on  values  of 
9387  pounds  per  square  inch  and  7467  pounds  pet  square  inch  determined  in  pec- 
imen  floxura  tests  on  materials  D  and  B,  respecti'^ely,  which  have  appro  :i- 
matoly  similar  values  of  modulus  and  tensile  strength  (table  VI).  The  reason 
for  Che  large  discrepancy  between  the  calculated  bending  stress  at  failure  for 
the  blade  section  and  the  apparent  ultimate  bending  stress  of  the  test  speci¬ 
men  is  not  known.  Perhaps  the  departure  from  linearity  of  local  stress  with 
distance  from  the  neutral  axis  as  failure  is  approached  is  markedly  different 
for  the  blade  cross  section  compared  to  the  square  test  specimen  cross  section. 
Further  testing  of  blade  sections  with  strain  gages  would  probably  be  necessary 
to  resolve  the  questions  raised  by  this  preliminary  investigation. 

Load  and  deflection  data  for  the  blade  section  reinforced  with  two  steel 
rods  is  tabulated  in  appendix  D  and  plotted  in  figure  33.  The  moment- 
deflection  variation  in  the  figure  is  linear  for  a  good  part  of  the  range, 
but  the  linearity  does  not  go  through  the  origin.  It  is  also  seen  in  the  plot 
that  the  blade  apparently  yielded  when  the  load  P  reached  1000  pounds.  The 
applied  load  P  was  reduced  to  950  pounds,  but  the  material  regained  strength 
and  the  load  was  increased  again.  The  blade  broke  by  bending  at  the  fixed  end 
when  P  reached  980  pounds.  This  is  the  first  time  that  apparent  yield  was 
distinctly  observed  in  the  material,  probably  due  to  the  presence  of  the  steel 
reinforcement,  or  to  slip  between  the  reinforcing  bars  and  the  urethane. 

The  maximum  bending  moment  at  the  fixed  end  is  87  750  inch-pound,  only 
slightly  higher  than  the  value  for  the  unreinforced  blade.  However,  inasmuch 
as  the  reinforcing  rods  were  not  attached  to  the  base  supporting  structure, 
they  would  not  ’^e  expected  to  influence  the  failure  situation  to  any  signifi¬ 
cant  degree.  The  largest  gain  in  the  use  of  reinforcement  for  the  urethane 
was  in  the  reduction  of  the  vertical  deflection  at  the  free  end  of  the  blade 
(fig.  33).  Maximum  deflection  was  reduced  from  22.25  to  16.42  inches;  further 
large  reductions  would  require  a  much  greater  amount  of  reinforcement. 

The  reinforced  urethane  blade  section  also  did  not  behave  as  a  true  com¬ 
posite  cantilever  beam.  For  the  composite  blade,  the  tip  deflection  was  cal¬ 
culated  CO  be  around  0.4  that  of  the  all-urethane  blade.  The  measured  ratio 
was  0.6,  which  is  considerably  larger.  It  is  possible  that  the  increased  de¬ 
flection  for  the  reinforced  blade  may  have  been  the  result  of  some  slippage 
between  the  rods  and  the  urethane  (the  rods  are  not  attached  to  the  base). 
However,  if  the  blade  did  act  as  a  composite  beam,  it  would  be  necessary  for 
the  blade  base  to  rotate  6,5®  in  the  attachment  sleeve  in  order  to  produce  the 
observed  tip  deflection  at  maximum  moment.  This  value  is  very  close  to  the 
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6. 8®  calculated  earlier  for  the  apparent  rotation  of  the  all-urethane  blade. 
Zt  thus  appears  that  the  same  problem  was  present  in  both  tests »  and  that  the 
most  probable  cause  of  the  problem  Is  a  deficiency  in  the  base  attachment. 

Torsion.  -  A  torsion  test  was  conducted  with  a  reinforced  blade  section. 
Torque  was  applied  at  the  free  end  of  the  blade  through  a  fixture  on  which 
weights  were  hung.  The  torsion  test  setup  Is  shown  in  figure  34.  The  tor¬ 
sion  end  fixture  and  available  loads ,  however,  were  not  large  enough  to  fail 
the  blade  by  torsion. 

A 


Figure  34.  -  Blade  torsion  test  setup. 

Readings  of  angular  twist  ^  were  recorded  for  a  range  of  values  of 
torque  during  both  loading  and  unloading.  Values  are  tabulated  in  appendix  D 
and  plotted  in  figure  35,  The  torque-angular  twist  variation  is  essentially 
linear  as  load  is  increased,  but  a  shift  in  the  curve  occurs,  as  shown  in  the 
figure  when  the  torque  reached  about  12  000  inch-pound.  The  observed  shift  in 
the  curve  may  be  due  to  some  form  of  yielding,  reading  error,  or  other  reason 
not  related  to  the  torsion  resistance  of  the  blade.  The  observed  permanent 
deformation  of  0.3®  would  probably  not  be  present  if  the  curve  shift  bad  not 
occurred.  During  loading  and  unloading,  the  creep  was  negligible. 

The  maximum  torque  that  it  was  possible  to  apply  to  the  blade  section  with 
the  test  setup  used  was  20  000  inch-pound.  Preliminary  computations  indicated 
that  the  blade  section  could  resist  around  200  000  inch-pound  of  torque  before 
failure  in  torsion.  Thus,  it  was  not  possible  to  investigate  the  ultimate  tor¬ 
sion  resistance  of  the  blade  section. 


Vibration.  -  Both  the  reinforced  and  unreinforced  blade  sections  were 
tested  for  spanwise  natural  frequencies.  An  accelerometer  was  placed  at  the^ 
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free  end  of  the  blade  and  the  blade  was  excited  to  vibrate  at  its  natural 
fra^ental  frequency.  The  frequency  was  recorded  by  a  BLH  atrip  recorder 
^th  a  paper  speed  of  20  oilllmeter  per  second.  The  teat  setup  is  shown  in 
figure  36. 


Figure  36.  -  Blade  vibration  setup. 


"®ves  for  the  unreinforced  and  reinforced  blades  are  shown, 
respectively,  in  figures  37(a)  and  (b).  The  unreinforced  blade  produced  a 
fundamental  frequency  of  4.3  hertz,  and  the  reinforced  one  yielded  a  fundamen- 

,  °  hertz,  which  reflects  the  Increased  stiffness  provided  by 

the  steel  reinforcement.  ^ 


(a)  Unreinforced  blade  section. 

Figure  37.  -  Frequency  data  for  blade  sections  of  material  H. 
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PART  II.  BLADE  DESIGN  ANALYSIS 

Tlie  earlier  specimen  tests  and  model  blade  section  tests  indicated  that 
some  degree  of  metal  reinforcement  of  the  urethane  is  required  in  order  to  in¬ 
crease  the  stiffness  and  moment  resistance  of  the  material  for  potential  full- 
scale  blade  application.  This  consideration  was  examined  in  more  detail  by  a 
preliminary  analysis  of  the  section  characteristics  and  total  weight  of  a  full- 
scale  rotor  blade  design  composed  of  reinforced  urethane.  The  analytical  de¬ 
sign  of  the  blade  was  based  on  the  geometry  and  design  specifications  of  the 
^2. 5-foot  long  blade  for  the  MOD-0  wind  turbine,  rotor  (ref.  2). 


APPROACH  AND  ASSUMPTIONS 

The  basic  approach  of  this  preliminary  analysis  is  to  analytically  deter¬ 
mine  the  spanwise  variation  of  blade  section  properties  for  two  cross-sectional 
configurations  of  a  reinforced  urethane  rotor  blade.  The  blade  is  composed  of 
symmetrical  airfoil  secuions  along  the  entire  span  in  order  to  facilitate  low- 
cost  casting  fabrication  (two  half  sections  bonded  together).  The  metal  rein¬ 
forcement  is  added  as  thin  aluminum  or  steel  plates  imbedded  in  the  upper  and 
lower  surfaces  of  the  urethane  blade ^  so  that  the  outer  surface  of  the  plate 
is  continuous  with  the  contour  of  the  blade  profile.  The  insert  for  the  rein¬ 
forcement  plate  can  be  part  of  the  mold  or  cut  into  the  urethane  after  casting. 
The  metal  reinforcement  plates  are  assumed  to  be  banded  to  the  urethane. 

For  the  full-scale  blade,  both  the  section  chord  length  and  the  maximum 
thickness  ratio  increase  linearly  toward  the  base  of  the  blade  (r/r^=0.1). 

The  specific  blade  geometry  is  plotted  in  figure  38.  Any  blade  twist  which 
might  be  required  in  a  real  design  is  neglected  for  the  analytical  developments. 

Two  cross-sectional  configurations  for  the  urethane  blade  were  considered 
for  the  analysis.  The  first  cross  section  was  taken  to  be  similar  to  the  blade 
section  constructed  for  the  model  blade  tests  discussed  previously.  This  con¬ 
figuration  is  referred  to  as  the  reference  blade  section.  The  second  blade 
configuration  considered  as  an  arbitary  modification  of  the  reference  section 
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(.(X).  N/\ax\irAuirv^  +hickr\ess 


R-sdius  ira>-+io,  r/r^ 
(b).  Chord  lensth 


Figure  38.  -  Blade  geometry  used  for  design  analyris.  T 
radius,  r^  -  62.5  feet. 


to  reduce  the  urethane  material  so  that  a  lighter  blade  could  be  obtained. 

The  two  section  configurations  could  thus  Indicate  the  range  of  total  blade 
weights  that  might  be  obtained  In  a  practical  design.  Specifically,  the  de¬ 
sign  analysis  determines  the  dimensions  of  the  reinforcement  plates  required 
to  satisfy  the  design  specifications  of  moment  resistance  and  stiffness  along 
the  radius  of  the  blade.  From  these  dimensions,  the  total  weight  of  the 
blade  Is  obtained  as  the  sum  of  the  weights  of  the  urethane  and  metal  por¬ 
tions  . 

Tn  order  to  indicate  the  sensitivity  of  total  blade  weight  to  the  de¬ 
sign  specifications,  high  and  low  values  of  the  strength  requirements  were 
included.  The  high  values  of  strength  for  the  urethane  blade  were  taken  from 
the  specifications  of  stiffness  El  and  Mment  resistance  for  the  orig¬ 

inal  MOD-0  aluminum  blades.  It  was  believed  that  these  values  would  consti¬ 
tute  a  worst  case  for  a  urethane  blade*  Specifically,  the  spanwise  variation 
of  El  was  basically  the  same  as  that  for  the  MOD-O  blade.  The  spanwise 
variation  of  was  determined  from  a  constant  value  of  aerodynamic  pres¬ 

sure  along  the  span  (varying  force  due  to  varying  chord  length)  with  the 
value  of  bending  moment  at  the  base  of  the  blade  (r/rt  “  0.1)  the  same  as 
that  for  the  MOD-0  blade.  The  low  values  of  El  and  were  then  arbi¬ 

trarily  selected  to  be  three  quarters  of  the  high  values  determined  above. 

The  high  and  low  design  specifications  for  required  moment  resistance 
and  stiffness  are  given  in  table  X,  together  with  the  prescribed  variations 
of  blade  chord  and  maximum  thickness  ratio.  Formulation  E  was  prescribed 
for  the  urethane,  since  it  produced  the  highest  values  of  modulus  (458  000 
psl)  and  tensile  strength  (6054  psi)  in  the  specimen  tests  (table  VI) . 


TABLE  X.  -  DESIGN  SPECIFICATIONS  FOR  REINFORCED  URETHANE  BLADE 


[Tip  radius,  *  62.5  ft.] 
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REFERENCE  BLADE  SECTION 

For  the  design  analysis  based  on  the  reference  blade  configuration,  it  was 
specified  that  the  cross  section  of  the  full-scale  blade  at  80  percent  of  the 
blade  tip  (r/r^.  «  0.8)  be  identical  to  the  urethane  blade  section  constructed 
for  the  model  blade  tests  discussed  earlier.  The  cross-section  of  this  sym¬ 
metrical  blade  ccftif iguratlon  was  shown  in  figure  22(a).  The  area  and  moment 
of  inertia  are  45.62  in  and  81.62  in^,  respectively  (aopendix  D). 


Analysis 

With  cross-sectional  area  and  moment  of  Inertia  known  for  the  80-percent 
location,  analytical  expressions  are  derived  for  these  properties  along  the 
length  of  the  span.  Details  of  the  developments  are  given  In  appendix  E.  The 
principal  assumption  for  the  design  analysis  Is  that  the  blade  sections  along 
the  span  are  geometrically  similar  In  form,  with  skin  thickness  varying  di¬ 
rectly  with  profile  maximum  thickness.  For  these  assumptions,  the  moment  of 
Inertia  and  cross-sectional  area  Au,f  of  the  all-urethane  sections 

are  obtained  as  functions  of  blade  chord  length  C  and  ««'«•< mum  thickness  ra- 
2ymay/C  as  (symbols  are  defined  on  p.  139) 

I„,f  -  0.029855  (1) 

and 


section  stiffness  EIy^£  and  moment  resistance 
^^rjujf  *  ^u^u,f/ymax  :ill-urethane  blade  are  then  readily  determined 

from  values  of  from  equation  (1). 


The  width  of  the  metal  reinforcement  plate  required  to  meet  the  specified 
values  of  stiffness  El  and  moment  resistance  were  determined  from  con¬ 
sideration  of  the  reinforced  blade  as  a  cantilever  beam.  From  the  development 
of  appendix  E,  relations  were  determined  for  the  required  plate  width  bw  in 
terms  of  (eqs.  (E21)  and  (E26)).  Substitution  of  equation  (1)  then  pro¬ 

vides  equations  in  terms  of  the  blade  chord  and  maximum  thickness  ratio  and 
the  material  properties. 


For  the  moment  resistance  requirement,  the  plate  width  is 
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where  is  the  prescribed  thickness  of  the  plate.  For  the  stiffness 

requirement,  the  width  Is 


With  plate  width  known  from  equation  <3)  or  (4),  the  weight  per  unit 
length  for  the  reinforced  blade  is  obtained  from  the  urethane  and  metal  por¬ 
tions  from  substitution  In  equation  (E28)  for  £  from  equation  (2) 

(?)  -  -  P„)  (5) 

The  maximum  stress  in  the  urethane  material  of  the  reinforced  blade  sec¬ 
tion  is  given  by  (from  appendix  E) 


where  the  maximum  stress  in  the  reinforcement  plate  is  determined  from  the 
bending  moment  on  the  plate. 


Results 

The  calculated  variation  of  stiffness  and  moment  resistance  available 
from  a  blade  composed  only  of  urethane  with  cross  sections  similar  to  fig¬ 
ure  22(a)  is  shown  in  figure  39.  The  moment  resistance  is  plotted  for  a  de¬ 
sign  urethane  stress  of  2000  psi.  It  is  seen  that  the  urethane  alone  is  com¬ 
pletely  incapable  of  meeting  the  design  requirements  for  both  properties 
(shown  by  the  dashed  lines  in  the  figure  for  the  high  and  low  design  specifi— 
fications) •  Thus,  as  expected,  a  full-scale  blade  would  require  a  consider¬ 
able  amount  of  reinforcement. 
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(aV  Morf>ent  resistance. 


0  .2  .4  .Q>  .6  1.0 


Radius  ratio,  r/t^ 

(fc>V  Sti-ftness. 

Figure  3*1.- 5ect'ion  propert  ies  of  all-ur^hane 
blade.  Material  H,  reference  blade  section. 
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The  width  of  reinforcement  plate  bj^  required  to  satisfy  the  de8^.ga 
specifications  of  El  and  of  table  X  with  a  plate  thickness  of  0.25  inch 
(eqs.  (3)  and  (4))  is  shown  In  figure  40  for  steel  and  aluminum  plates.  The 
moment  resistance  is  determined  for  100  000  psl  for  steel  aj d  40  000  psi  for 
aluminum.  For  both  metals*  the  stiffness  requirement  is  clearly  controlling. 
Maximum  plate  widths  of  about  14  inches  for  steel  and  45  Inches  for  aluminum 
at  the  base  are  indicated  by  the  calculations  for  the  high  stiffness  specifi¬ 
cation.  For  the  low  specification*  the  maximum  widths*  ^re  reduced  to  about 
10  and  30  inches*  respectively. 

Figure  41  illustrates  several  half  blade  cross  sections  with  steel  rein- 
rorcement  plates  for  the  high  stiffness  specifications  (fig.  40(a))  at  three 
locations  along  the  span  of  the  blade.  The  required  reinforcement  material* 
depicted  by  the  darkened  area*  is  seen  to  constitute  only  a  relatively  small 
part  of  the  cross-sectional  area  of  the  blade. 

The  unit  weight  breakdown  of  the  composite  blade  (eq.  (5))  is  shown  in 
figure  42  for  the  high  stiffness  specification  and  in  figure  43  for  the  low 
specification.  The  predominant  weight  contributor  is  seen  to  be  the  urethane. 
Consequently*  there  is  little  difference  between  the  total  weight  with  steel 
or  aluminum  reinforcement  or  for  the  high  or  low  design  specifications.  For 
the  high  spsclflcatlon,  the  calculated  total  weight  is  4235  pounds  for  the 
blade  reinforced  with  steel  plates*  and  4075  pounds  for  the  blade  reinforced 
with  aluminum  plates.  For  the  low  specification*  the  respective  values  are 
4035  and  3909  pounds. 

Results  of  the  calculations  for  maximum  stress  in  the  urethane  for 

values  of  stress  a©  in  the  0.25-inch-thick  aluminum  or  steel  reinforcement 
plates  (from  eq.  (6))  is  shorn  in  figure  44.  Figure  44(a)  Indicates  that  the 
maximum  stress  in  the  urethane  occurs  at  the  base  of  the  blade.  At  this  lo¬ 
cation,  the  urethane  maximum  stress  varies  with  reinforcement  stress  as 
plott'  1  in  figure  44(b).  For  example,  for  a  design  urethane  stress  of  about 
2000  psi,  allowable  stresses  in  the  reinforcement  plates  are  about 
45  000  psi  for  aluminum  and  135  000  psi  for  steel. 

A  design  stress  level  of  about  2000  psi  for  the  urethane  has  been  men¬ 
tioned  frequently  in  the  report.  This  value  uow  seems  to  be  entirely  reason¬ 
able*  as  can  be  seen  from  the  following  considerations.  The  maximum  ultimate 
tensile  strength  at  room  temperature  cTuit  was  found  from  the  specimen  tests 
to  be  6054  psi  for  material  E  (table  VI).  A  full-scale  blade  for  a  wind  tur¬ 
bine  application,  however,  will  have  to  be  designed  for  maximum  ambient  tem¬ 
perature,  say  about  100®  F.  According  to  figure  5,  at  100®  F  the  ultimate 
tensile  strength  is  reduced  by  about  500  psl.  Also,  as  indicated  by  the  model 
blade  tests,  some  stress  concentration  effects  may  occur.  Finally,  in  viev  of 
a  potential  fatigue  strength  effect  (unresolved  in  the  specimen  tests),  a 
conser\*ative  safety  factor  is  indicated.  Thus,  a  design  stress  for  the  ure- 
thane  might  be  established  from 
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Figure  40.-Rcin*forcement  plate  thictness  needca 
ta  satisfy  design  specifications  of  stiffness 
and  moment  resistance.  Pl^tc  thickness,  o.3S  tn. 
reference  blade  section. 
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Figarc  44.- Maximum  Stress  in  urethane  for  blade  vvith 
rr\et2.l  reinforcement  Hates.  Plate  thickness  o.as  in.- 
reference  blade  sectior>. 


where  fg  is  the  safety  factor,  and  f^^  is  the  stress  concentration  factor. 
With  the  adoption  of  values  f^,  »  1,5  and  fg  •  1.85  for  material  E, 

Thus,  as  long  as  the  design  stress  in  the  reinforcement  plates  is  less  than 
45  000  psi  for  aluminum  or  135  000  psi  for  steel  (fig.  40(b)),  the  urethane 
maximum  stress  will  be  below  a  reasonable  allowable  value. 

In  figure  40,  plate  widths  required  to  satisfy  the  moment  resistance  were 
determined  for  stresses  of  100  000  psi  in  the  steel  plates  and  40  000  psi  in 
the  aluminum  plates.  Thus,  these  widths  are  close  to  the  minimum  values  that 
would  result  from  a  maximum  allowable  stress  of  2000  psi  in  the  urethane.  How¬ 
ever,  with  the  reinforcement  plate  sized  for  stiffness  rather  than  moment  re¬ 
sistance,  the  stresses  in  both  the  metal  and  the  urethane  will  be  sulstantially 
below  their  respective  design  or  allowable  values  in  a  full-scale  blade  com¬ 
posed  of  reference  cross  sections. 


MODIFIED  BLADE  SECTION 
Analysis 

For  the  reference  blade  configuration  discussed  in  the  previous  section, 
it  was  found  that  the  weight  per  unit  length  of  the  blade  increased  rapidly 
toward  the  base  of  the  blade,  and  that  most  of  the  blade  weight  was  in  the 
urethane  portion  (fig.  42).  Thus,  if  the  potential  for  reducing  blade  weight 
is  to  be  explored,  a  blade  section  with  reduced  cross-sectional  area  compared 
to  the  reference  configuration  (especially  in  the  lower  radius  regions)  should 
be  considered.  Such  a  modified  blade  section  was  obt«ained  by  arbitrarily  re¬ 
ducing  the  skin  thickness  and  the  spar  thickness  of  the  blade  section  at  the 
20  percent  radius  point.  In  addition,  the  spar  sections  were  moved  forward  to 
place  the  supports  closer  to  the  center  of  pressure.  The  modified  cross  sec¬ 
tion  at  r/r^.  *  0.2  is  shown  in  figure  45  compared  to  the  original  reference 
configuration. 

The  moment  of  inertia  of  the  modified  blade  section  at  r/r^.  -  0.2  was 
determined  in  appendix  F  to  be  4275.7  In^  (compared  to  5945  in^  for  the  refer¬ 
ence  section).  The  cross-sectional  area  is  200.2  in^  (compared  to  288.0  in^) , 
It  was  then  assumed  that  the  modified  reduced-material  section  is  tapered  uni¬ 
formly  toward  the  tip  of  the  blade  so  that  the  area  of  the  modified  section  at 
r/rj.  =  0.9  is  10  percent  less  than  that  of  the  reference  section  at  that  ra¬ 
dial  position.  By  such  means,  linear  spanwise  variations  of  moment  of  inertia 
^u,f  cross-sectional  area  A^  £  were  established  for  the  modified  all¬ 

urethane  cross  sections.  These  values  are  listed  in  appendix  F. 

Values  of  required  reinforcement  plate  width  for  the  stiffness  design 
specification  were  determined  from  the  general  equation  for  b^  (eq.  (E26)) 
with  values  of  Iu,f  from  the  tabulation  of  appendix  F.  Both  steel  and  alum- 
inirni  reinforcement  plates  are  considered  for  both  the  high  and  low  design 
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stiffness  specifications*  Blade  unit  weight  was  determined  from  the  general 
equation  (eq*  (E28))  with  A^^f  values  from  appendix  F. 


Results 

Inasmuch  as  the  moment  of  inertia  of  the  modified  reduced—material  section 
is  less  than  that  for  the  reference  blade  8ection»  the  difference  between  re-» 
quired  and  available  variations  of  stiffness  El  for  the  modified  all-urethane 
blade  will  be  even  larger  than  that  for  the  reference  blade  (fig.  39) .  The 
comparison  is  shown  in  figure  46.  Consequently »  the  width  of  reinforcement 
plate  required  to  supply  the  specified  stiffness  will  be  greater  than  for  the 
refermce  blade.  Figures  47  and  48  show  this  comparison  for  a  urethane  blade 
reinforced  with  0.25-lnch  steel  and  aluminum  plates,  respectively,  as  required 
for  the  high  and  low  stiffness  specifications.  Plate  thickness  for  the  modi¬ 
fied  cross  section,  compared  to  the  reference  blade  section,  is  increased  by  a 
maximum  of  about  10  percent  at  the  blade  base  for  the  high  design  specification 
and  around  14  percent  for  the  low  specifications. 

The  unit  weight  breakdown  for  a  reinforced  blade  with  modified  cross  sec¬ 
tions  is  shown  in  figures  49  and  50  for  the  high  and  low  stiffness  specifica¬ 
tions.  The  urethane  still  constitutes  the  major  contributor  to  the  total 
weight,  although  the  proportion  is  less  than  for  the  reference  blade  sections 
(fig.  42).  The  comparison  of  total  unit  weight  for  reinforced  blades  with  the 
different  urethane  cross-section  configurations  is  shown  in  figure  51.  A  sub¬ 
stantial  reduction  in  unit  weight  is  seen  near  the  base  for  the  modified  cross 
section  blade  in  all  cases.  Total  weight  for  the  modified  blade  is  calculated 
to  be  3385  and  3167  pounds  for  the  high  and  low  design  specifications  for 
steel  plates,  and  3197  and  3031  pounds,  respectively,  for  aluminum  plates* 
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figure  47.- Comparison  of  steel  reinforcement  plate 
width  needed  for  stiffness  design  specification 
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(b).  Low  design  spec. 


figure  48.-  Comparison  of  aluminum  reinforcement 
fslate  width  needed  for  stiffness  design  speci¬ 
fication.  Plate  thickness,  o.as  in, 
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the  blade  weight  for  the  MOD-0  wind  turbine  rotor.  The  reinforced  urethane 
blade  designs  considered  in  this  analysis  are  seen  to  be  considerably  heavier 
than  a  conventional  airplane-type  blade  for  application  to  the  MOD-0  type  of 
wind  turbine.  The  tabulated  values  further  indicate  that  a  relieving  of  the 
design  specifications  of  the  magnitude  considered  in  the  analysis  does  not  in¬ 
fluence  the  blade  total  weight  to  any  large  degree.  However,  the  cross- 
wight"^^  *^^^**^  profile  appears  to  have  a  prime  effect  on  blade 

Because  of  the  exploratory  nature  of  the  design  analysis,  the  two  blade 
cross-sections  considered  were  rather  arbitrarily  determined.  A  minimum  de- 
slgn  blade  weight  could  therefore  not  be  determined.  The  extent  to  which  the 
blade  design  weight  can  be  reduced  below  the  values  obtained  from  these  pro¬ 
files  will  depend  on  the  minimum  values  of  skin  and  spar  thickness  that  can 
Ifi  urethane  in  a  practical  construction.  Such  determination 

is  beyond  the  scope  of  this  report,  and  should  be  a  key  concern  in  any  further 
studies  of  the  feasibility  of  urethane  as  a  rotor  blade  material. 


CONCLUDING  REMARKS 

res^t  of  the  exploratory  evaluation  of  cast  urethane  as  a 
construction  material  for  wind  turbine  blades  is  that  the  major  structural 

lit  reinforcement.  The  modulus  of  elasti<- 

stlf accommodate  the  bending  and 
stiffness  requirem^ts  of  the  blades.  Thus,  the  strength  properties  of  the 

se^e^Srlrniw/®*"  k  f ’'^“5  <^oncern.  For  example,  if  the  urethane  can 
^  filler  system,  urethane  types  less  brittle  than 

the  torau^^tions  considered  in  the  investigation  may  be  used.  Brittleness 
associated  wltn  high-strength  urethane  formulations  is  not  a  desirable  prop- 
erty  for  wind  turbine  blade  applications. 

Although  the  calculated  weight  of  the  reinforced  urethane  blade  sections 
considered  was  substantially  greater  than  that  of  the  MOD-0  aluminum  blades, 
it  is  not  known  what  the  minimum  weight  potential  Is  for  optimum  blade  cross- 
sections.  xiowevf r,  even  if  optimum  reinforced  urethane  blades  are  somewhat 
than  conventional  blades,  that  alone  need  not  be  a  serious  deterrent 
in  consideration.  The  principal  question  concerning  its  feasibility  lies 

casting  approach  can  result  in  a  considerable  re¬ 
duction  in  fabricjtcion  cost. 

For  the  design  urethane  blade  configurations  examined,  the  required 
metal  reinforcement  constitutes  a  small  fraction  of  the  blade  cross- 
sectional  area.  Nevertheless,  the  bonding  between  the  urethane  and  the  re¬ 
inforcement  material,  as  well  as  the  attachment  to  the  blade  hub,  become 

iret?!nf  fabrication  aspects  of  reinforced 

uretrane  blades  are  therefore  in  order. 

In  the  final  analysis,  the  potential  usefulness  of  cast  urethane  will 
depend  on  the  integration  .nd  fabrication  aspects  of  reinforced  blade  con- 
flguratlons.  Of  particular  interest  is  whether  such  reinforced  configura- 
tions  can  be  successfully  fabricated  at  considerably  reduced  costs  compared 
to  conventional  blade  construction  techniques.  Of  further  concern  is  the  ex- 
f  cross-sectional  area  of  the  urethane  blade  profiles  can  be 

reduced  in  order  to  minimize  the  overall  weight  of  the  blade. 
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APPENDIX  A  -  TEST  SPECIMENS  AND  FLEXURE  TESTS 

Details  of  all  the  material  specimens  used  in  the  test  program  are  given 
in  table  Al.  Included  in  the  table  arc  the  identification  numbers  of  each 
specimen!  the  number  of  specimens  used,  and  a  description  of  the  specimen  prop¬ 
erties.  Each  of  the  nine  urethane  formulations  (table  I)  is  identified  by  the 
prefix  letter  in  the  first  column. 

The  main  purpose  of  the  flexure  tests  was  to  determine  the  modulus  of 
elasticity  of  each  urethane  material.  A  secondary  objective  was  to  observe 
the  structural  behavior  of  the.  beam  specimens  with  regard  to  such  considera¬ 
tions  as  deflection  and  hysteresis  characteristics,  deflection  linearity,  and 
permanent  defermation. 

Three-point  loading  (P)  was  used  for  the  3/4  in.  by  3/4  in.  by  15  Inches 
specimens,  and  four-point  loading  (Pl  and  Pr)  was  used  for  the  ones  with  di¬ 
mensions  3/4  in.  by  3/4  in.  by  30  inches.  Material  specimens  A  through  F 
were  first  loaded  gradually  up  to  P  »  Pj^  =  Pr  3?  2000  grams,  and  then  gradually 
unloaded  to  zero  grams.  The  deflections  during  loading  and  unloading  were  re¬ 
corded  for  100-gram  loading  increments.  The  vesults  were  examined  in  terms  of 
the  structural  characteristics  stated  above,  and  also  by  observations  on  creep 
resistance  whan  deflection  measurements  were  recorded.  For  the  three-point 
loading,  the  2000-gram  force  corresponds  to  a  maximum  stress  of  188  psi  in  the 
specimen,  and  a  maximum  stress  of  502  psi  for  the  four-point  loading  specimen. 

After  unloading  from  the  2000-gram  load,  each  specimen  was  loaded  again 
gradually  to  much  higher  levels  of  stress,  and  then  unloaded  gradually  to  zero. 
With  the  second  loading,  the  maximum  bending  stresses  in  the  specimens  reached 
as  high  as  2500  psi.  This  was  still  in  the  linear  range  of  the  load-deflection 
curves.  The  same  observations  and  studies  were  made  here  as  for  the  2000-gram 
loading.  Beam  deflection  is  designated  by  A. 

The  modulus  of  elasticity  for  each  specimen  was  obtained  from  load  and 
deflection  values  from  the  use  of  the  appropriate  beam  deflection  equations 
and  a  specimen  nominal  cross  section  of  3/4  in,  by  3/4  in.  The  modulus  equa¬ 
tion  for  the  three  types  of  specimen  sizes  and  loadings  used  is  as  follows: 


©)• 


=  Multiplier  x 


-(—) 

A  \in./ 


3/4  X  3/4  X  15  in. 
3/4  X  3/4  x  15  in. 
3/4  X  3/4  X  30  in. 


Loading 

three-pt. 
four-pt. 
four-pt . 


Gage  length 


12  in. 
12  in, 
24  in. 


Multiplier 


1  365.3 

2  022.7 
16  181.7 


Values  of  P/A  and  E  were  determined  for  all  values  of  load  P  500  gram 
for  the  low-loading  tests  (P  up  to  2000  g) ,  and  for  all  values  of  P  ^  2000 
gram  for  the  high-loading  tests  (up  to  24  000  g) .  The  flexure  modulus  for  a 
given  material  was  then  obtained  as  the  average  of  the  local  values  of  E. 


79 


Results  of  the  beam  flexure  tests  were  expressed  In  terms  of  tabulated  and 
plotted  values  of  load  and  deflection.  The  figure  nuoibera  and  table  mmbers 
for  the  results  for  each  of  the  urethane  materials  tested  are  listed  below: 


Material 

Table  numbers 

Figure  numbers 

A 

A2,A3 

A1,A2 

B 

A4,A6 

A3»A4 

C 

A5,A7 

A3,A6 

D 

A8,A9,A10,A11 

A7,A8,A9 

E 

A12,A13 

A10,A11 

F 

A14,A15,A16 

A12,A13,A14 

G 

A17 

A15 

H 

VI 

6 

GG 

A18 

A16 

The  results  of  the  modulus  calculations  for  the  specimens  covered  In  the 
flexure  tests  are  gi\en  below. 


FLEXURAL  MODULUS  FOR  URETHANE  MATERIALS 


Material 

Modulus , 

Material 

Modulus, 

E, 

E. 

Ib/in^xlO^ 

Ib/in^xlO^ 

35.3 

D2^ 

251. U 

^^a 

42.4 

D3f 

274.6 

67.4 

D3^ 

277.7 

A2° 

63.7 

D4® 

266.2 

269.1 

ElJ 

460.0 

Bl° 

266.7 

El^ 

460,9 

B2g 

281.0 

E2? 

464 . 1 

B2‘’ 

277.3 

E2^ 

ki*l.l 

Cl® 

157.9 

FI? 

274.4 

C2® 

148.8 

FI, 

273.1 

174.2 

F2® 

255.5 

C2® 

167.9 

F2^ 

269.5 

F3° 

266.8 

221.3 

Dl° 

259.4 

G  b 

388.5 

GG° 

356.2 

?Low  loading. 
°High  loading. 
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table  A1.  .  details  of  test  specimens 


Identification 

NuxDber 

used 

Description 

A-7556.90>1>1ES8 

8/24/1976 

4 

Oaotll*.  eof  Elongation 
3/4"x  4A"x  50",  3p.a.»  1.05 

A>7SS6.90-8-i542 

8/24/1976 

4 

Duotllo,  WfL  Elv<r.^«tlon 

5/4 "x  5/4"x  30",  Sp.a.-  1.05 

A-7556.90i^-6S9 

8/24/1976 

4 

Daetilo ,  80$  Elongation 
lA"x  lA“x  50",  Sp.0.»  1.05 

A-7556-90-7-617 

8/24/1976 

Daotllo,  80$  Elongation 
lA"x  lA"*  50".  Sp.0..1.05 

A-  7656-90-5-1865 
8/24A976 

1 

I>uotilo,  80$  Elongation 
lA"*  12''x  18",  Sp.o.a  1.05 

C- 7556-91-2-546 
flA/19’6 

4 

2Z  Elongation,  Sp.0.a0>70 
1/2 "x  l/2"x  30" 

C-  7556-91-5-1076 
9/1/1976 

2$  Elongation,  Sp.O.s  0.70 

12  "x  18  "x  lA" 

C-  7556-91-5-341 
9/1/1976 

4 

DjS  Elongation,  Sp,3o=  0.70 
l/2”x  l/2"x  30** 

C-  7556-91-10-730 
9/1/1976 

4 

2$  Elongation,  Sp.O.s  0.70 
3/4"x  3/4"x  30" 

C~  7556-91-11-710 
9AA976 

4 

2$  Elongation,  Sp.G.=  0.70 
3/4"x  3/4 "x  50* 

0- 7556-91-6-1331 
9/i/i976 

1 

5$  Elongation,  Sp.O.*  0.86 

18 "x  18"x  lA" 

B« 7556-91-7-494 
9/1/1976 

4 

Z%  Blougation,  3p.0o«  0.36 
1/S"x  l/2"x  50» 
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®^BLE  A1  -  Contlnuad. 


Identification 


Number 

used 


Description 


&-7556-0l^^8S 
9/1A976 


I  8- 7556-91 -12-X0d8 
9/1/1976 


9^  ElooMtlon.  Sp.O.c  0.86 
1/2*X  lA"x  50" 


9^  Blonffation.  Sp.0.«  0.86 
8/4"x  3/4"x  90" 


8- 7556.91-13.1034 
9/1/1976 


9^  Elongation,  Sp.O.a  o.86 
9/4"x  3/4"x  30" 


0-7556.93.5.1645 
9/9/1976 


9^  Elongation,  Sp.O.a  o,9l 
12"x  18"x  lA" 


b- 7556-93-3-1365 
9A/1976 


b- 7556.93.2.1363 
9/9/1976 


5-7556-93-7.632 
9/9/1976 


9^  Elongation,  Sp.a—  o.9i 
3/4"x  S/4''x  50- 


9$  Elongation,  Sp.O.a  o.9i 
3/4  "x  3/4 -x  30" 


3^  Elongation,  Sp.O.t.  0.9l 
l/2«x  30- 


D- 7556-93-8-635 
9/9A976 


9^  Elongation,  Sp.O.x  0.9l 
1/2  "x  lA-x  3C- 


A-  90-4 
9A/1976 


80^  Elongation,  Sp.3.=  1.05 
12-in.  Tonsils  Spooiaens 


C-91.4 

9/9/1976 


2^  Elongation,  Sp.O.s  0.70 
12-ln.  Tonsils  Spoolmons 


E- 91-14 
9/9A976 


5- 93-4 
9/9A976 


5^  Elongation,  Sp.O.*  0.86 
12— In.  Tonsils  Spoclmons 


Elongation,  3p.0.»  0.91 
12— In.  Tonsils  Spoelasns 


TABLE  M  -  Concluded. 


Identification  Numiber 
used 


£-.105-2-1402 

IO/20A6 


E- 5-1406 
10/20/76 


r- 7556-109-1-1385 
10/28/76 


^-7556-100-1-1390 

10/28/76 


0  and  00 

10/26A6 


00 

12/28/76 


0  or  00 

12/2  8  As 


00 

1/7/77 


H 

1/27/77 


H 

1/27/77 


H 

1/21/77 


Description 


About  3^  Elongation,  So. 0, =1,0 
3/4”x  3/4"x  30** 


About  3^  Elongation  ,Sp.0,«l,05 
3/4  **x  3/4  *x  30“ 


About  3%  Elongation  ,Sp.0.«1.03l 
3/4"x  3/4“x  30" 


Lbout  '6%  Elcngatlon,Sp.0.«l,058 
_  3/4"x  3/4"x  30" 


About  Z%  Elongation ,3n.0*»l .00 
3/4"x  3/4"x  30" 


Ibout  Z%  Elongation , So. 0.«l .00 
12-in.  Fatigue  Speblmona 


^bout  3^  Elongation  ,Sp.O. =1.00 

12"x  18”x  1/4"  specimens 


About  Elongation  ,5p.0.«l .00 
3/4"  round  bars,  30"  long 


About  Z%  Elongation  ,Sp.0.=l  .05 
3/4"x  3/4"x  30" 


About  3^  Elongation ,Sp.O. =1.00 
3/4"  round  bars,  30"  long 


About  3^  Elongation  ,Sp.O. =1.00 
12-ln.  Fatigue  Specimens 
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TABLE  A8.  -  LOAD- DEFLECTION  DATA  FOR  MATERIAL  Dl.  TABLE  A9.  •  LOAD- DEFLECTION  DATA  FOR  MATERIAL  D2 
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TABLE  All.  -  LOAD-DEFLECTION  DATA  FOR  KATERIAL  D4.  TABLE  A12.  -  UUU>-OEFLBCn(»l  DATA  TOk  KK. 
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TABLE  A17.  -  LOAD-DEFLECTION  DATA  FOR  TABLE  A18.  -  LOAD- DEFLECTION  DATA  FOR 

MATERIAL  C.  MATERIAL  CO. 
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(a).  Initial  loading. 


Figure  A6.  -  Load  - de'fle<4ior>  Curve  -for  ma+eria-l  Cl. 
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APPENDIX  B  -  FLEXURAL  STRAIN  TESTS 


This  appendix  presents  the  tabulated  and  plotted  data  obtained  from  the 
strain  gage  tests  of  beam  specimens  of  urethane  materials  D  and  F, 


Material  D 

*  Measured  values  of  strain  for  the  individual  gages  are  tabulated  in  ta¬ 
ble  B1  for  loading  up  to  17  500  grams.  Values  of  deflection  under  the  two  load 
points  are  listed  in  table  B2.  Also  shown  in  this  table  is  the  calculation  for 
determination  of  flexural  modulus  E  (from  eq.  (Al)).  Plots  of  load  against 
deflection  are  given  in  figure  Bl. 

Calculations  for  stress  and  deflection  comparisons  aru  detailed  in  fig¬ 
ures  B2  and  B3.  Figure  B2  shows  the  construction  for  determination  of  the 
neutral  axis  and  calculations  for  bending  stress  at  maximum  load  determined 
from  the  strain  equation  and  the  beam  equation. 


Material  E 

The  first  loading  for  the  specimens  of  material  E  was  up  to  19  000 
grams.  The  values  of  strain  obtained  for  the  individual  gages  are  listed  in 
table  B3,  The  measured  deflections  under  the  load  points  (from  dial  indica¬ 
tors)  are  listed  in  table  B4  and  plotted  in  figure  B4.  Also  shown  in  table  B4 
are  the  calculations  for  modulus  E  based  on  the  two  sets  of  deflection  val¬ 
ues.  Because  of  the  initial  departure  from  linearity  for  the  deflections  un¬ 
der  the  right  load,  values  of  local  slope  were  used  in  the  modulus  determina¬ 
tion.  The  average  from  the  two  deflections  was  then  taken  as  the  value  of  E 
for  the  specimen.  Figure  B5  shows  the  diagram  for  determination  of  neutral 
axis  location  and  details  of  the  calculated  maximum  stress  obtained  from  the 
strain  and  beam  equations.  I 

Tabulated  and  plotted  strain  data  for  the  second  loading  of  material  E 
(up  to  Pl  “  presented  in  table  B5  and  figure  B6.^  The  diagram 

for  neutral  axis  location  and  comparative  bending  stress  calculations  are  given 
in  figure  B7.  The  maximum  value  of  strain  at  the  maximum  loading  was  obtained 
from  extrapolation  of  the  load-strain  curve  for  strain  gage  3.  Data  for  the 
third  and  fourth  loadings  to  90  pounds  are  given  in  tables  B6  and  B7  and  in 
figure  B8. 


rOAD 
P  («r) 


TABLE  Bl.  -  MEASURED  STRAIN  FOR  JIATERIAL  D. 

STPAII!  STRAIT,  STRAIN  STRAIN  STRAIN 
l(uin./in.)2  3  4  5 


STRAIN 

6 


0 

loco 

1500 

2500 

5500 

45C0 

5500 

6500 

7500 

8500 

9500 

10500 

115C0 

15500 

15500 

17600 


0 

-447 

-690 

-1162 

-1657 

-2112 

-2594 

-3048 

-3540 

-3991 

-4487 

-4957 

-5436 

-6400 

-7390 

-8325 


0 
113 
178 
290 
40  B 
529 
652 
775 
902 
1038 
1168 
1312 
1446 
1712 
2000 
2272 


0 

470 

709 

1178 

1664 

2140 

2630 

3112 

3600 

4073 

4585 

5178 

5573 

6560 

7605 

8623 


0 

-101 

-173 

-285 

-400 

-512 

-630 

-750 

-864 

-983 

•1100 

-1222 

-1344 

-1582 

-1840 

-2070 


WfoALTNi  To  Sfeho 


0 

0 

170 

-174 

253 

-273 

424 

-462 

697 

.644 

769 

-827 

945 

-1007 

1126 

-1197 

1306 

-1393 

1462 

-1675 

1668 

-1766 

1849 

-1955 

2035 

-2141 

2400 

-2512 

2783 

-2896 

3147 

-3263 

0  -160  98  308  -43 


70 


-84 


7«-<rc  . 

5r«cl!ren  No.:  D7-7556-93-3-1365  Sp.  3.=  0.9l 
SpeciT.en  Dloenaions:  3/4 "x  :/4**x  15**  4-rt.  Ioadln<? 

Actual  Specimen  Dimensions  Retween  Supports:  0.30”x  0-7€**x  12** 
RxperliTient  Date:  September  18,  197G 


TABLE  B2.  -  MEASURED  DEFLECTIONS  FOR  MATERIAL  D 


TOAD 

ft  <?«•.) 


0 

1000 

1500 

2500 

3500 

4500 

5500 

6500 

7500 

8500 

9500 

10500 

11500 

13500 

15500 

17500 


LOAD 
Pp  (gr.) 


0 

1000 

1500 

2500 

3500 

4500 

5500 

660C 

7500 

8500 

9500 

10500 

11500 

13500 

15500 

17500 


depiecvioh  deflection 

^  (In.)  lln.) 


Slope, 

P/A, 

Ib/in. 


0 

0 

- 

.0170 

.0170 

129.68 

.0260 

.0260 

127.19 

•0440 

.0435 

125.26 

.0620 

,0620 

124.45 

.0800 

.0800 

124.00 

.0995 

.0995 

121.86 

.1180 

.1185 

121.44 

.1370 

.1370 

120.69 

.1550 

.1550 

120.90 

.1740 

.1740 

120.37 

.1920 

.1920 

120  .56 

.2110 

.2110 

120.16 

.2460 

.2470 

120.98 

.2840 

.2840 

120 .32 

.3200 

.3200 

120.56 

Tiyi’lOAtHt)  to  g&Ro" 


Modulus , 
E. 

Ib/in^ 


253365 

251727 

250817 

2464B8 

245639 

244122 

244546 

243474 

243859 

243050 

C447oe 

243373 

243859 


0 


0 


•017  .016 


C(B*VRNT3: 

Specimen  No.:  07-7656-93-3-1365  Sp.O. 
Specimen  Dloenalona:  3/4 "x  3/4"'*.  15*  4 
Actual  Specimen  Dimensions  Between  Supports 
Experiment  Date:  September  18,  1976 
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«Pt •  Loading 
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TABLE  B3.  «  MEASURED  STRAIN  FOR  MATERIAL  E. 


(Maxistum  Io«d»  19.000  gr. ) 


TOAD  F 
rr. 

GAGE  1 
yin. /in. 

OAOE  8 

OAQE  5 

OAOE  4 

OAOE  5 

OA'^E  6 

0 

0 

0 

0 

0 

0 

0 

ICOO 

-.277 

-75 

272 

71 

98 

-105 

2000 

•554 

-150 

546 

150 

201 

-206 

5000 

-815 

-201 

620 

201 

299 

-299 

40C0 

•1091 

-266 

1066 

266 

596 

-396 

6000 

-1558 

•526 

1563 

331 

500 

-500 

6000 

-1640 

•596 

1645 

402 

603 

-597 

7000 

-1922 

-462 

1928 

478 

700 

-695 

eoco 

-2177 

•521 

2810 

545 

004 

-790 

e,rcO 

-2454 

-566 

2496 

619 

907 

-896 

locoo 

-2737 

•652 

2796 

695 

1015 

-994 

11000 

-5005 

-711 

5084 

760 

1119 

-1097 

lEOC'O 

-3274 

•776 

5572 

651 

1222 

-1195 

1500? 

-3551 

•656 

5671 

912 

1550 

-1298 

160CO 

-4073 

•961 

4230 

1C59 

1651 

-1495 

17000 

-4632 

-1091 

4855 

1216 

1748 

-1694 

19000 

-5175 

-1222 

5430 

1379 

1966 

-1895 

ITNIPADINT  TO  ZERO 

0 

-11 

71 

5— 

16 

^55 

S  re  cl  ir  N  o  .  ;  E5-B-140C  Sp*0««  1«05 

Sr^clr.er.  D  Irene  ion  3;  S/i^x  5/4  "x  16”  4-Pt .  loading 

Experiment  Date:  November  15,  1976 


TABLE  B4.  -  MEASURED  DEFLECTIONS  FOR  MATERIAL  E 
^Maximum  load.  19,000  gr.) 


LOAD 

LOAD 

DEFLECTION 

DEK^ECTION 

.  (gr) 

Pr.  (gr) 

<in.) 

(in.) 

0 

0 

0 

0 

1000 

1000 

.010 

.005 

2000 

20  ;c 

.020 

.014 

5000 

5o:o 

.050 

.022 

4000 

40c0 

.040 

.032 

5000 

5000 

.C51 

•045 

6000 

6000 

.061 

.053 

70CO 

70  CO 

*072 

.065 

8000 

8000 

.082 

.075 

90  ?0 

9000 

.0S5 

.094 

10000 

10000 

•105 

.09S 

lirro 

11000 

•115 

.105 

12000 

120  CO 

•124 

.116 

13000 

15000 

.155 

.126 

15000 

150CO 

.3  56 

.147 

17000 

1700C 

•178 

.169 

19000 

190G0 

.190 

liNLOADING  ■'rO  2ER0  LOAM - 

15  0 - - rm 


Cr»yy?:TS ; 

Tpe^imcn  Ko.:  E5-3.1406  Sp.G.«  1.05 
Specimen  Dlcenslons;  5/4 "x  5/4"x  15* 
Exp-erloent  lete:  Kovomber  15,  1976 


SLOPE. 

MODULUS, 

LOCAL 

MODULUS , 

(p/i)i. 

Et. 

SLOPE , 

Er, 

Ib/in"xl03 

(9P/8i)R 

Xb/in^xlO^ 

220.5 

220.5 

446.0 

220.5 

446.0 

220,5 

446.0 

220.5 

446.0 

216.1 

437.1 

200.4 

405.3 

216.8 

438.5 

220.5 

446.0 

214.3 

433.5 

183.7 

371.6 

215.1 

435.1 

275.6 

557.5 

213.3 

431.4 

200.4 

405.3 

214.0 

432.9 

200.4 

405.3 

214.6 

434.1 

220.5 

446.0 

213.3 

431.4 

200.4 

1  405.3 

212.3 

429.4 

220.5 

446.0 

212.0 

428.8 

210.0 

424.8 

210.6 

426.0 

200.4 

405.3 

210.5 

425.8 

2X0.0 

424.8 

av-435,500 

av-  429^900 

4*Pt.  loading 
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LOAD  ?, 
lb 

TABLE 

0A''-E  1 
yio./ln. 

B5.  -  MEASURED  STRAIN 

0::GE  2  OAOE  3 

FOR  MATERIAL  E. 

OAOE  4 

GAGE  5 

B5  lb. 

GA<3E  6 

d 

0 

0 

0 

0 

0 

0 

5 

.744 

-147 

771 

163 

272 

-315 

10 

•1482 

•299 

1471 

320 

489 

-527 

15 

•2025 

•445 

2191 

500 

739 

-787 

20 

•2688 

-60S 

2731 

668 

939 

-972 

25 

•5253 

•749 

3361 

858 

1178 

-1222 

50 

•^015 

•945 

4100 

1059 

1442 

•1434 

35 

•4588 

-1102 

4860 

1292 

1732 

-1749 

40 

•5386 

•1297 

3593 

1499 

1949 

-1949 

45 

-5815 

-1423 

6096 

1656 

2150 

-2150 

SO 

-6554 

•1618 

6864 

1684 

2400 

•2366 

55 

•7032 

•1759 

7461 

2080 

2623 

..2585 

50 

-7640 

-1917 

8064 

2444 

2818 

-2753 

65 

•8275 

•2096 

8862 

2514 

3122 

-3041 

70 

•8883 

•2444 

9508 

2710 

3323 

-3215 

75 

-9394 

-2400 

10165 

2927 

3584 

-3464 

80 

•1018 

-2601 

3160 

3823 

-3665 

85 

•IOC 86 

•2742 

• 

3383 

4078 

-3904 

tJHlOADIKQ  TO  ZERO 


0 

*163 

0 

250 

54 

22 

-35  fl0:00a 

0 

.225 

.4p82 

152 

27 

0 

•60  (10:10a 

This  speolaen  vfts  lo«ded  ones  before  thle  test  to  19000  grema* 
apeolnen  Ro»  £5»5-l406  Sp.0.»1.05 

SpeolneD  Dloenelona:  5/^"  x  *  15"  4-pt.  Loading 

Experisent  Date:  Novenber  &0»  1976 
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TABLE  B6.  •  MEASURED  STRAIN  FOR  M/iTERlAL  E.  JK  LdAl>,  LB. 

<a)  First  loading 


LOAD 

fj  or  Vj.  (lb,) 

GAGE  X 
pin. /in. 

GAGS  a 

OAGB  5 

GAGE  4 

GAGE  5 

OAOE  6 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

0  '■ 

-1211 

-2541 

-3834 

-5169 

-6505 

-7651 

.6998 

-10274 

-266 

-559 

-863 

-1195 

.1537 

-1835 

-2172 

-2498 

-2802 

Ir'lCADiNG" 

0 

1292 

2617 

3963 

5349 

6771 

8009 

9481 

TO  ZERO 

0 

310 

657 

1015 

1423 

1852 

2232 

2686 

3144 

3595 

0 

472 

945 

1428 

1928 

2433 

2662 

3394 

3899 

4582 

0 

-469 

-945 

-1417 

-1890 

i8373 

-2791 

-3274 

-5747 

-4197 

to 

60 

50 

40 

30 

20 

10 

0 

-loioS 

-7971 

-6657 

-5559 

-3942 

-2666 

•1417 

-98 

—ZStSA - 

-1917 

-1596 

-1271 

-907 

-605 

.304 

-16 

”10752 - 

6460 

7097 

5723 

4241 

2943 

1645 

326 

Sii'T”" 

2411 

2009 

1686 

1140 

787 

424 

92 

- 352S - 

2997 

2525 

2036 

1504 

1032 

554 

81 

— :355r 

-2883 

-2438 

-1977 

-1466 

-1005 

-538 

-65 

/. 


'  fWe~ap»clmen  was  onca  attain  loadnd  to  19000  (traas  and  onoa  nopa  to  Iba. 

Tha  atraln  rbro  readlnita  In  all  eaaaa  are  cloaely  tha  sama, 

Spoc  1(1160  ^*o»t  E5»3»l406  SpoS#*  laOS 

Specimen  Dlmenalons:  3/4 “x  3/4“x  15"  4»Pto  Loading 

Experiment  Date:  December  8,  1976 


(b)  Second  loading 


T  CAD 

or  (lb.) 


GAOS  1 
pin. /in. 


GAOS  2 


GAOS  5 


OAOE  4 


GAGE  5 


OAOE  6 


0 
I  ■ 
20 
30 
40 
50 
60 
70 
OO 
90 


0 

•234 

-2530 

-3812 

-5143 

-6413 

-7846 

-8949 

-10290 


0 

0 

0 

0 

0 

.282 

1281 

320 

462 

-472 

-597 

2601 

695 

934 

-929 

-918 

3915 

1064 

1406 

-1385 

-1243 

5305 

1466 

1901 

-1873 

-1238 

6641 

1868 

2384 

.2329 

-1928 

8150 

2329 

2916 

-2834 

-2210 

9356 

2704 

3350 

-3247 

-2552 

— 

3193 

3093 

-3763 

-2807 

— 

3546 

4284 

-4127 

“So" 

70 

60 

60 

40 

30 

20 

10 

0 


-1015^“ 

-9030 

-7640 

-6570 

-5305 

-3899 

-2677 

-1536 

-109 


tr:ic 

"-ff4'93“ 

-2232 

-1379 

-1613 

-1293 

-945 

-635 

-315 

-33 


OADI^ 


TO 

10659" 

9519 

8026 

6891 

5566 

4105 

2645 

1482 

250 


-‘STsr~ 

2775 

2319 

1971 

2123 

1135 

766 

386 

71 


“3790“ 

3383 

2951 

2439 

1982 

1466 

1010 

521 

71 


-3649  ■ 
-3263 
-2764 
-2367 
-1933 
-1428 
-994 
.510 
.54 


was  loaded  bafora  to  19000  eraos,  to  Pr-V  !*>'»  ‘o  VV®° 
The  strain  gage  readings  in  all  cases  are  about  ♦'he  same. 

Specimen  No.:  E5-3-1406  ^ 

Specimen  Dimensions;  3/4"x  3/4  x  15  4-Pt.  Loading 

Experiment  Date:  December  13,  1976 
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UTC  Bkr  Stress  calculations  for  Fj^ure  B3.-  Deflection 
material  D.  material 


h^ure  B7.  -  Stress  calcuio-tions  W  ma.+eria.l 
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APPENDIX  C  -  CREEP  RESISTANCE  TEST  DATA 


This  appendix  presents  tabulated  data  from  the  bending  and  tensile  creep 
resistance  tests.  The  bending  creep  tests  contained  an  initial  screening  of 
the  nine  urethane  materials  based  on  short-term  loadings  (210  to  300  min).  An 
example  of  the  data  obtained  in  these  tests  is  given  in  table  Cl  which  lists 
the  specimen  deflections  obtained  for  material  B  under  three  levels  of  load¬ 
ing.  Notes  on  these  tests  are  given  in  table  C2.  Creep  values  were  determined 
as  the  increase  in  elongation  from  time  zero,  A  -  Aq.  Similar  tabulations  were 
obtained  for  the  other  materials. 


Results  of  the  long-duration  bending  creep  test  on  material  E  are  shown 
in  table  C3.  Included  in  the  table  are  the  deflection  and  creep  values  and  the 
time  and  room  temperature  (daytime  values)  of  the  readings. 

Results  of  the  tensile  creep  tests  on  round  specimens  of  material  GG  are 
listed  in  table  C4.  Included  are  the  specimen  length  and  creep  values  and  the 
times  and  daytime  room  teiiq)eratures. 
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TABLE  C2.  -  NOTES  FOR  BENDING  CREEP 
TESTS  OF  MATERIAL  B 

(a)  Load,  6,000  gm 

COMMENTS? 

We  unloaded  the  specimen  slowly  to  zero  at  3 *24  p.K. 
end  we  got  a  permanent  deformation  of  0.0160  In.  At 
3:30  P.M.  the  deformation  was  0.0130  In.  The  move¬ 
ment  was  very  slow  from  there  on. 

Specimen  Ko.:  B3-7556-91-12-1048  Sp.G.=0.8£. 

Specimen  Dimensions:  3/4'*x  3/4"x  15" 

Experiment  Date;  September  8,  1976 

(b)  Load,  8,000  gm 


COKMENTS ; 

We  unloaded  the  specimen  slowly  to  zero  at  3:27  p.W. 
and  we  got  a  permanent  deformation  of  0.0120  In.  At 
3:30  P.M.  the  deformation  was  O.OlOOln.  Specimen 
about  stabilized. 

Specimen  No.:  B4-7556-91-12-1043  ijp.  -  o  •  &G 
Sneclmen  Dimensions:  3/4 "x  3/4 "x  15" 

Experiment  Date;  September  8,  1976 


(c)  Load,  14,000  gm 


C0^■MENTS ; 

We  unloaded  the  specimen  slowly  to  zero  at  3:32  P.K. 
and  we  got  a  permanent  deformation  of  0.0325  In.  At 
3:39  P.M.  the  deformation  was  0.0240  In.  Specimen 
about  stabilized.  Changing  slowly  about  0.001  In. 
per  2  minutes. 

Specimen  No.:  B5-7556-91-12-1048  Sp.  G.=0.84 
Specimen  Dimensions;  3/4 "x  3/4 "x  15" 

Experiment  Date;  September  8,  1976 
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TABLE  C3.  -  BENDING  CREEP  DATA  FOR  MATERIAL  E 
(Load,  21,000  gm, ] 


CIOCK 

TIME  DATE 


ACTTJAI  DEPXECTION  CREEP 

TIKET  /idno  A  -  a'. 


TEMP. 

•P 


2?25FK  12/17/76 

2:26 
2:27 
2:28 
2:29 
2:30 
2:31 
2:32 
2:33 
2:34 
2:35 
2:45 
2:55 
3:05 
3:15 
3:25 
3:35 
3:45 
3:55 
4:05 
4:15 
4:25 
7:25 


10:25A^: 

2;25PM 

2:25PM 

2:26PM 

2:25Fl.' 

2:25py 

2:25FM 

2i2bTV 

2:25FM 
2:26Fi; 
2:25  FM 
2;25Pf.r 
2:25H,: 
2:25FM 
2:25PM 
2:25PK 
2:26m 
2:25M 

2:25PM 


12/18/76 

12/19/76 

12/20/76 

12/21/76 

12/22/76 

12/24/76 

12/25/76 

12/26/76 

12/27/76 

12/28/76 

12/29/76 

12/30A6 

12/31/76 

01/01/77 

01/02/77 

01/03/77 

01/04A7 

Cl/05/77 

01/06/77 


0  min 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120  min 
5hrs 
20hrfl 
24hrs 
48hr8 
72hrs 
96hi»a 
I20hra 
168  *• 

192  ” 

216  *• 

240  " 

264  " 

288  " 

312  " 

336  ** 

360  * 

384  *• 

408  *• 

432  *• 

456  " 

480  • 


0 

.1435 

.1445 

.1450 

•1455 

.1460 

.1460 

.1460 

•1465 

.1465 

.1470 

.1475 

.1485 

.1490 

.1490 

.1495 

.1500 

.1500 

.1510 

.1510 

.1510 

.1510 

.1535 

.1580 

.1590 

.1630 

.1675 

.1700 

.1730 

.1770 

.1780 

.1790 

.1800 

.1815 

.1830 

.1845 

.I860 

.1870 

.1875 

.1880 

.1885 


0 

.0010 

.0015 

.0020 

.0025 

.0025 

.0025 

.0030 

.0030 

.0035 

.0040 

.0050 

.0055 

.0055 

.0060 

.0065 

.0065 

.0075 

.0075 

.0075 

.0075 

.0100 

.0145 

.0155 

.0195 

.0240 

.0265 

.0295 

.0335 

.0345 

.0355 

.0365 

.0380 

.0395 

.0410 

.0425 

.0435 

•0440 

.0445 

.0450 


.1910  .0475 


68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

68 

67 

64 

65 
65 

65 

66 
66 

64 
63 
61 
62 

65 
67 

67 
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CTOCK 

TIVS 

DATE 

TABLE  C3.  - 

ACTUAL 

TIME  T 

Concluded. 

DEPLECTlor 
A (In.) 

CREEP, 

A  .  Aq, 
In. 

TEI^P. 

Op 

2:25  FI, 

01/07/77 

504 

hr  8. 

.1920 

.0485 

i 

67  I 

2;25  " 

01/08/77 

628 

R 

.1935 

•0500 

67  I 

2:25  " 

01/09/77 

552 

n 

.1945 

.0510 

65  1 

2:25  " 

01/10/77 

576 

» 

.1950 

.0515 

65  ’ 

2:25  " 

01/1  lA? 

600 

R 

.1960 

•0525 

64  1 

2;25  " 

01/12/77 

624 

n 

.1970 

•0535 

63 

2:26  " 

01/13/77 

648 

n 

.1975 

.0540 

63 

2:25  " 

01/14/77 

672 

n 

.1975 

•0545 

63 

2:25  " 

01/15/77 

696 

R 

.1975 

•0545 

2:25  » 

01/17/77 

744 

R 

.1990 

.0560 

1 

2:25  " 

01/19/77 

792 

n 

.1990 

•0560 

• 

2:25  " 

01/20/77 

816 

R 

.1990 

•0560 

2:25  " 

01/22/77 

864 

II 

.1990 

•0560 

2:25  " 

01/24/77 

912 

n 

.1990 

•0560 

i 

2:25  " 

01/25/77 

936 

R 

.1995 

•0565 

2;25  " 

01/26/77 

960 

R 

.1995 

.0565 

1 

2:25  " 

01/29/77 

1032 

R 

.2000 

.0570 

{ 

2:25  " 

01/30/77 

1056 

II 

.2000 

.0570 

2;  25  " 

02/01/77 

1104 

n 

.2005 

.0575 

2;25  “ 

02/02/77 

1128 

n 

.2005 

•0575 

2:25  " 

02/03/77 

1152 

n 

.8010 

.0580 

2:25  " 

02/04/77 

1176 

n 

.2010 

•0580 

2:25  " 

02/05/77 

1200 

ti 

.2010 

•0580 

i 

2:25  " 

02/07/77 

1243 

II 

.2015 

.0585 

2:25  " 

02/08/77 

1272 

fi 

.2015 

.0585 

62 

2:25  " 

02/09/77 

1296 

fi 

.2020 

•0590 

64 

2:25  " 

02/10/77 

1320 

n 

.2020 

•0590 

65 

2:25  " 

02/11/77 

1344 

It 

.2020 

•0590 

66 

2:25  ■' 

02/12/77 

1368 

<1 

.2025 

.0595 

66 

2-25  " 

02/14/77 

1416 

R 

.2030 

•0600 

66 

2:25  " 

02/15/77 

1440 

n 

.2030 

.0600 

66 

• 

Specimen  Ko.;  E^-105.2-1402  Sp.G.s  1.05 
Specimen  Dimensions:  3/4"x  3/4 '*x  15'*  3-Ft .  Loading 
Directed  By:  Demeter  S.  Fertls 

Experiment  Date:  December  17,  1976-February  15.  1977 
Results  excellent.  ^ 
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TABLE  C4.  -  TENSION  CREEP  DATA  FOR  MATERIAL  GG 
(Load,  20  lb.) 


Cl  OCR 
T  ir^ 


10:33 
10:34 
10;  35 
10:36 
10:37 
10:39 
10:39 
10:40 
10:41 
10:42 
10:43 
10:53 
11:03 
11:13 
11:23 
11:33 
3;. 33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33 
10:33  ' 

10:33  ' 

10:33  ' 

10:33  ' 

10:33  ' 

10:53  ' 


A5'  1/14/77 

"  1/14/77 

"  1/14/77 

"  1/14A7 
"  1/14/77 

"  1/14/77 

"  1/14/77 

"  1/14/77 


"  1/14/77 

"  1/14/77 

"  1/14/77 

"  1/14/77 

"  1/14/77 

"  1/14/77 

;  1/14/77 

"  1/14/77 

"  1/14/77 

"  1/15/77 

"  1/17/77 

"  1/20/77 

"  1/21/77 
*  1/22/77 
"  \/u/n 
"  1/25/77 

"  1/26/77 

"  1/31/77 

"  2/01/77 

'  2/02/77 

"  2/03/77 

'  2/04/77 

"  2/07/77 

"  2/09/77 

"  2/0S/T7 

'  2/10/77 

"  2/14/77 

"  2/15/77 

2/18/77 


ACTnAT. 
Ti?;-^  T 


0  oln. 
1  " 

2  • 

3  " 


10  " 
20  " 


6  hrs. 

24  " 

72  » 

144  " 

168  " 
192  " 

240  " 

264  " 

288  " 
408  " 

432  " 

456  " 

480  " 

504  •' 

576  " 

600  " 

624  " 

648  " 

744  " 

768  " 

840  " 


LEKGra 
L  (In.) 


1.9340 

1.9430 

1.9180 

1.9480 

1.9480 

1.9480 

1.9480 

1.9480 

1.9480 

1.9430 

1.9480 

1 .9520 

1 .9620 

1.9520 

1 .9520 

1.9520 

1.9560 

1.9565 

1.9565 

1 .9570 

1 .9550 

1.9550 

1.9560 

1.9550 

1.9650 

1 .9540 

1.9540 

1 .9550 

1.9550 

1 .9560 

1 .9560 

1.9560 

1.9560 

1.9565 

1.9565 

1.9570 

1.9570 


CREEP. 


0 

.0140 

.0140 

.0140 

.0140 

.0140 

.0140 

.0140 

.0140 

.0140 

.0140 

.01^0 

.0180 

.0180 

.0180 

.0180 

.0220 

.0225 

.0225 

.0230 

.0215 

.0215 

.0220 

.0215 

.0215 

.0205 

.0205 

.0215 

.0215 

.0225 

.0225 

.0225 

.0225 

.0230 

.0230 

.0235 

.0235 


CO?.y  ^?:T5  « 
Specimen No.: 


r.  1,00 


Experlmeni^Daie : gauge  length. 
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the  .e1erSLe“  f:3„T”£  ftun^^r'JhTLme'vt'T^  e',‘°"“" 
of  chordwise  element<5  Tha  v  t  e  profile  vas  divided  into  a  number 

by  an  equivalent  rectangle  as  sho-^Jn  Se  sk^tcll  HZTleTl 
tional  area  and  moment  of  inertia  are  then  obtained  as  ‘ 


APPENDIX  D  -  M)DEL  BLADE  SECTION 
Section  Properties 


2  E  A 

i«=l  ^ 


(Dl) 


an^ 


«  SS!  "  “  “  iehlvldeal  eleee.t.  a„d  „  u  the  total 

For  the . nonenol. tore  of  aa  eloeeat  as  shorn  1„  the  adjacent  sketch 


(D3) 


and 


“  12  +  (‘It)  . 


(D4) 
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The  moment  resistance  of  the  blade  section, 
it  acts  as  a  solid  body,  is  given  by 


under  the  asstimption  that 


Mr 


'max 


(D5) 


where  a  is  the  maximum  tensile  or  compressive  fiber  stress  (Ib/in^) ,  y^ax 
is  the  maximum  distance  from  the  centerline  (maximum  half  thickness) ,  and  I 
is  the  moment  of  inertia  of  both  half  sections  (eqs,  (D2}  and  (D4)).  From  the 
calculations  of  table  Dl,  I  »  2  x  40.808  in^,  and  ymax  *  2.28  in.,  so  that 

Mj.  -  35.796  0  (in-lb)  (D6) 


The  weight  per  foot  of  length  for  the  section  is 


W 

L 


pA 


(D7) 


and  with  A  »  2  x  22.631  in^  (from  table  Dl),  and  density  p  in  Ib/ft^ 


J  -  0.3143  p  (Ib/ft) 


(D8) 


Test  Results 

Bending.  -  Values  of  bending  deflection  and  stress  were  calculated  for  the 
unreinforced  blade  section  from  consideration  of  the  blade  as  a  cantilever  beam 
with  a  concentrated  load  at  the  free  end.  The  deflection  at  the  free  end  is 
then  given  by 


1  pi^  ^  1  ^ 
3  El  3  El 


(D9) 


With  L  *  85.44  Inches,  E  =  232x10^  pounds  per  square  Inch,  and  I  ••  81.616  in^, 
equation  (D9)  is 


A  -  0.1285x10"^  M 


(DIO) 


The  corresponding  maximum  stress  at  the  attached  end  is 


'max 


a  «  M 


1 


(Dll) 


ORIGINAL  PAGE  iS 
OF  POOR  QUAT-TT^ 


;"»ri''jwf  wii  ,»•  -m  < j  "!w>v  r\  xhm 


and,  with  -  2.28  inches. 


a  »  0.02794  M  (D12) 

Calculated  values  of  A  and  a  are  listed  in  table  D2(a)  together  with 
the  measured  data  for  the  unreinforced  blade  section.  The  measured  data  for 
the  reinforced  blade  section  is  given  in  section  (b)  of  the  table. 

Torsion.  -  The  readings  of  measured  angular  twist  ^  for  the  range  of 
values  of  applied  torque  for  a  reinforced  blade  section  are  tabulated  in  ta¬ 
ble  D3.  Values  were  recorded  for  blade  loading  and  unloading. 
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TABLE  Dl.  -  SECTION  PROPERTIES  OF  MODEL  BLADE  SECTION 


A  - 


I 

0 


I 

5 


I 

10 


X,  in. 


I 

IS 


AO 


I 

AS 


I 

10 


Element 

range 


Width, 
d. 
in. 


in. 


,  Contour , 
in. 

Thickness, 

t. 

Area, 

dt, 

in2 

Moment  of 
inertia, 

In^ 

^in 

yo 

in. 

0 

0.80 

0.80 

0.800 

0.171 

0 

1.33 

1.33 

1.330 

.784 

0 

1.62 

1.62 

1.458 

1.275 

.70 

1.87 

1.17 

1.521 

2.685 

1.48 

2.08 

.60 

1.080 

3.454 

1.58 

2.20 

.62 

.930 

3.352 

1  •  62 

2.27 

.65 

1.040 

3.971 

0 

2.28 

2.28 

3.648 

6.321 

1.60 

2.21 

.60 

1.080 

3.931 

1.55 

2.13 

.  60 

1.200 

'  4.143 

1.39 

1.98 

.59 

1.180 

3.385 

i.22 

1.79 

.58 

1.160 

2.677 

0 

1 . 62 

1.62 

2.430 

2.126 

.99 

'1.44 

.45 

.675 

1.008 

.  84 

1.25 

.44 

.660 

.  752 

.  61 

1.04 

.43 

.  645 

.460 

.  34 

.  76 

.42 

.630 

.200 

.20 

0 

.60 

.36 

.40 

.36 

.480 

.684 

.083 
.  030 

22.631 

40.808 

0-1.0 

1.0 

1. 0-2.0 

1.0 

2. 0-2. 9 

.9 

2. 9-4.2 

1.3 

4. 2-6.0 

1.8 

6.0-7. 5 

1.5 

7. 5-9.1 

1.6 

9.1-10.7 

1.6 

10.7-12.5 

1.8 

12.5-14.5 

2.0 

14.5-16.5 

i  2.0 

16.5-18.5 

2.0 

18.5-20.0 

1.5 

20.0-21.5 

1.5 

21.5-23.0 

1.5 

23.0-24.5 

1.5 

24.5-26.0 

1.5 

26.0-27.2 

1.2 

27.2-29.1 

1.9 

0.50 

1.50 

2.A5 

3.65 

5.10 

6.75 

8.3 

9.9 

11.6 

13.5 

15.5 

17.5 

19.5 

20.75 

22.25 

23.75 

25.25 

26.6 

28.15 


TABLE  D2.  -  BENDING  TEST  DATA  FOR  MODEL  BLADE  SECTIONS 
(a)  Unreinforced  blade,  L  =  85.44  in. 


Load  P , 
in. 


0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

950  (failed) 


Moment  M, 
in- lb 


0 

8  554 
17  088 
25  631 
34  175 
42  719 
51  263 
59  806 
68  350 
76  834 
81  166 


Measured 
deflection, 
4  (in.) 

0 

2.44 

5.16 

7.01 

8.98 

11.14 
12.72 

16.14 
18.03 
20.35 
22.25 


Calculated 

deflection, 

in. 

0 

1.10 

2.20 

3.29 

4.39 

5.49 

6.59 

7.69 

8.78 

9.87 

10.43 


Calculated 

stress, 

Ib/in^ 

0 

239  I 
477  I 
716  ' 

955  t 
1193 

1432  I 
1671 

1909  ! 

2146  I 
2267 


(b)  Reinforced  blade,  L  *  85.25  in. 


Load  P 
lb  ’ 

Moment  M, 
in- lb 

Deflection 
A  (in.) 

0 

0 

0 

100 

8  575 

0.87 

200 

17  150 

1.77 

300 

25  725 

3.66 

400 

34  300 

5.04 

500 

42  875 

6.50 

600 

51  450 

7.95 

700 

60  025 

9.49 

800 

68  600 

11.02 

900 

77  125 

12.28 

1000  (yield) 

85  750 

14.57 

950 

81  463 

15.63 

980  (failed) 

84  035 

16.42 

-i 

j  ■< 

TABLE  D3. 

-  TORSION  TEST  DATA  FOR  REINFORCED  BLADE  SECTION 

\ 

[L 

=  87.25  in 

.] 

Torque  T 
in-  lb 

Angular  twist,  (|),  deg 

Loading 

Unloading 

; 

0 

0 

0.2991 

! 

! 

i 

\  i 

840 

.1432 

.4905 

.  1 

/ 

V 

1  680 

.3186 

.6686 

t 

■  } 
1 
J 

2  520 

.4836 

.8434 

i 

3  360 

.6492 

1.0313 

i 

4  320 

.8405 

1.2256 

J 

5  280 

I  1.0279 

1.4421 

1 

1 

6  240 

1.2284 

1.6077 

i 

7  200 

1.4003 

1.7985 

j 

* 

8  160 

1.5882 

1.9893 

1  :  • 

1  i 

9  120  1 
1 

1.7699 

2.1738 

: 

. 

10  080  j 

1 

1.9544 

2.3554 

: 

11  040 

2.1423 

2.5434 

12  000 

2.3617 

1 

2.7152 

12  960 

2.8264  1 

2.8871 

1 

1 

1 

13  920  1 

3.0046  ’ 

3.0590 

• 

14  880  1 

3.1799 

3.2275 

18  240 

t 

3.7976  j 

3.8640 

! 

18  720  i 

3.8772  I 

1 

19  200  ’’ 

1 

3.9597 

4.0044 

— 

• 

19  680  , 

4.0359 

20  160 

4.1190 

20  400 

4.1889 

4.1889 

1 
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APPENDIX  E  -  BLADE  DESIGN  ANALYSIS 

The  objective  of  this  analysis  is  to  develop  equations  for  the  spanwise 
variation  of  section  properties,  reinforcement  dimensions,  and  unit  weight 
for  a  full-scale  reinforced  urethane  rotor  blade  designed  to  meet  certain 
specifications.  The  spanwise  variations  of  blade  profile  geometry  (C  And 
2yjjj^^/C),  section  stiffness  El,  and  section  moment  resistance  Mj.  specified 
for  the  design  are  listed  in  table  XI.  The  radius  of  the  blade  at  the  tip  is 
r^  *=  62.5  feet.  The  cross  section  of  the  blade  at  the  80  percent  radius  point 
r/r^.  «  0.8  is  assumed  to  be  that  of  the  model  blade  section  built  for  the 
bending  tests  (fig.  22(a)).  All  sections  of  the  full-scale  blade  are  pre— 
s<^ibed  to  be  symmetrical  profiles  similar  to  the  section  at  r/r^  *  0.8.  The 
s&tion  properties  of  the  r/r^  =  0.8  section  are  given  in  table  Dl.  This 
cross-sectional  configuration  is  referred  to  as  the  reference  blade  section. 

In  the  ensuing  sections,  equations  are  developed  first  for  an  all-urethane 
blade,  then  for  the  metal  reinforcement  plates,  and  finally  for  the  reinforced 
blade  as  a  composite  beam. 


A 

b 

C 

d 

E 

I 

L 

Mr 

r 

t 

W 

X 

y 

yo 


Symbols 

area 

width  of  reinforcement  plate 
blade  chord  length 
chordwise  width  of  blade  element 
modulus  of  elasticity 
moment  of  inertia 
. ,  K5  constants 

blade  length 
moment  resistance 
blade  radius 

thickness  of  reinforcement  plate 
weight 

distance  along  chord 
distance  normal  to  chord 

normal  distance  to  outer  contour  of  blade  profile 


I 


! 

j 

I 

4 

i 

} 

\ 
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yj^  normal  distance  to  outer  fiber  of  reinforcement  plate 
^max  “aximum  half  thickness  of  blade  profile 
P  material  density 

o  stress 

Subscripts: 

R  reinforcement 

t  blade  tip 

u  urethane 

u,f  full  urethane  section 


All-Urethane  Blade 

blade  with  reference  blade  sections,  the  blade  cross- 
section  at  r/r^  -  0.8  was  divided  into  a  number  of  individual  chordwise  ele- 

^"illStrl^S  bf  an  equivalent  rectangle 

as  Illustrated  by  the  half  section  sketch  in  figure  D1  of  appendix  D  The  re- 

extent  eq^tions  for  mment  of  Inertia  and  are.  A.  frea^h  eleSat 

are  given  by  equations  (D3)  and  (D<),  respictively.  ^ 

assumption  of  similar  profiles  along  the  blade  sjJan,  it  is 
pacified  that  for  each  element,  along  the  radius  of  the  blade. 


Constant 


"l.i 


Constant  =  K. 


2,1 


Constant  =  K 


3,i 


(El) 


lection  orofne  specifically  required  to  maintain  similar 

section  profiles  along  the  span,  while  K2  .  is  an  arbitrary  specification  fL 

menr'n^f  thickness.  these  conditions,  thfsectiormf! 

ment  of  Inertia  at  a  given  radial  position  becomes  section  mo 


1 

4 


4/fwV 

I  ^  J 


(E2) 


140 


where 


OWOWALPAGE^ 
or  POOR  QUALITY 


^  (*=3,1  -^)  j 


(E3) 


By  evaluating  equation  (E2)  at  r/r  =0.8  for  which  the  property  Is  known 

*  40.808),  it  is  found  that  K4  =  0.11942.  The  moment  of 


inertia  for  the  full  urethane  section  then  becomes 


lu.f  =  0.029855  C 
The  moment  resistance  of  the  section  is  now 


(E4) 


(E5) 


where  the  allowable  stress  for  the  urethane  is  taken  as  o  =  2000  psi,  and  the 
stiffness  of  the  section  is  ^ 


El  =  0.029855 
u»  r 


I  '  / 


(E6) 


where  E  is  taken  as  458  000  psi. 


The  weight  of  the  urethane  section  per  unit  length  of  blade  is.  for  the 
urethane  density  p 


(E7) 


T..e  cross-sectional  area  is  obtained  from  equations  (Dl) ,  (D3) ,  and  (El) 


are 


(E8) 


I 
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where 


S  ■  ^  »9) 

?y  evaluating  equation  (E9)  at  r/r^.  =  0.8  for  which  A  =  2  x  22.631  In^  (ta¬ 
ble  D4),  it  is  found  that  K5  »  0.33527.  Thus, 


nrethane  formulation  E,  p  ~  65.4  pounds  per  cubic  foot. 


(ElO) 


(Ell) 


Metal  Reinforcement 

The  metal  reinforcement  required^>for  the  urethane  will  be  added  in  the 
form  of  a  thin  plate  imbedded  in  each  outer  surface  of  the  blade  in  the  region 
of  the  maximum  thickness  of  the  profile,  as  shown  by  sketch  E-1.  For  calcula- 


Sketch  E-1 

tion  purposes,  the  reinforcement  is  represented  by  a  thin  rectangular  plate 
located  at  a  distance  yj^  from  the  neutral  axis  of  the  blade  profile 
(sketch  E-2). 


er 

I 


^1 


ORIGINAL  PAGE  IS 
OP  POOR  QUALITY 


wmmummm 


sketch  E-2 


Since  the  plate  thickness  will  generally  be  small  compared  to  yj^, 

the  approximation  form  is  used  for  the  moment  of  inertia,  that  is. 


<E12) 


It  is  further  specified  for  purposes  of  analysis  that  the  reinforcement  plate 
is  of  constant  thickness  tj^,  but  of  varying  width  bj^  along  the  span.  Also, 
the  location  of  the  plate  yp  is  at  a  fixed  position  with  respect  to  the  max¬ 
imum  half  thickness  Yj^ax'  moment  resistance  of  the  plates  can  then  be 

shown  to  be  given  by 


Wr  ■ » 


R^R^R^l 


^^maxV  \  -  ^RAmax\/  C 

,  AW  ' 


(E13) 


to  be 


The  stiffness  of  the  reinforcement  plafts  was  derived  in  a  similar  fashion 


'«>E  -  "e»e'r= 


^max ! 


maxy 


^RAmaxV  C  ^ 


(E14) 


For  the  calculations,  It  was  taken  that  tj^  =  0.25  inch  and  yR/y^ax  ~  0.90. 
For  steel  =  30x10"  psi,  and  for  aluminum,  =  10x10^  psi. 

The  unit  weight  of  the  reinforcement  plates  is 


(E15) 
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In  which  for  steel,  p-  «=  490  pounds  per  cubic  foot,  and  for  alunlnum.  p  =  168 
pounds  per  cubic  foot. 


Reinforced  Blade 


In  the  determination  of  the  moment  resistance  and  stiffness  of  the  rein¬ 
forced  urethane  blade,  it  is  necessary  to  consider  the  blad*  as  a  composite 
V two-material)  beam.  In  particular,  the  blade  is  regarded  as  a  low-strength 
mter^l  with  metal  reinforcement  on  top  and  bottom  as  shown  in  sketch  E-1. 
The  plate  thickness  tR  is  a  fixed  value,  which  for  the  most  part,  is  small 
c^pared  to  the  blade  maximum  half  thickness  (tR  <  0.1  ymax) •  It  is  assumed 
that  the  metal  plates  are  rigidly  attached  to  the  urethane,  so  that  they  act 
together  as  a  unit  (i.e.,  unit  strains  of  the  fibers  vary  directly  with  dis— 
tence  from  the  neutral  axis).  Accordingly,  the  unit  strains  of  the  plates  and 
the  urethane  are  equal  at  the  interface. 


stress.  -  The  maximum  stress  in  the  urethane  is  taken  to  occur 
at  the  interface  between  the  urethane  and  the  metal  plate  at  the  chordwise  lo¬ 
cation  of  the  point  of  maximum  profile  thickness,  as  shown  in  sketch  E-3. 


Sketch  E-3 

At  the  point  y  =  v  -  tr> 

^  ^  ^max  ‘'R> 


£  E 
R  R 


and 


0 

u 


£  E 
u  u 


so  that  for  a  given  stress  in  the  plate  o- 

R 


at  the  outermost  fiber  v  -  v 

^  •'max* 


(E16) 


Moment  resistance.  -  The  moment  resistance  of  the  reinforced  blade  section 
acting  as  a  composite  beam  is  the  sum  of  the  resistance  of  the  urethane  and 
metal  portions 


«r  -  (Mt)/  (m,)^ 
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Stiffness.  -  The  stiffness  of  the  composite  blade  is 


El  =  (EI)^  +  (EI)j^  (E23) 

The  value  for  the  urethane  portion  of  the  blade  is  related  to  the  value  for  the 
full  section  as 


(El)  =  E  (I  ,  -  I„) 
u  u  u,f  R-' 


(E24) 


so  that  the  moment  of  inertia  of  the  reinforcement  plates  is  given  by 


The  substitution  of  equation  (E12)  for  then  gives,  after  rearrangement. 


Then,  with  ly  f 
blade  section  is 


(E26) 


from  equation  (E4) ^  the  plate  thickness  for  the  reference 


(E27) 


origwalpage® 

OF  FOG®  aUAU-n 

For  the  calculations  with  equations  (E22)  and  (E27),  to  -  0.25  inch, and 

Weight.  -  The  unit  weight  of  the  composite  section  is  the  sum  of  W/L 
for  the  urethane  portion  (W/L)^  and  the  reinforcement  plate  portion  (W/L)d. 
With  (W/L)r  from  equation  (E15)  and  (W/L)^^  from 

“  ®u(Au,f  "  2bjtR) 

The  total  unit  weight  Is 


(r)  -  Vu.f  +  2Vr(0r  - 

For  the  refereitce  blade  section,  with  from  equation  (ElO), 

!  ■  +  2'>r',«>,  -  P„) 


The  total  weight  of  the  blade  is  then  obtained  as  a  summation  of  W/L  values 
along  the  span  of  the  blade. 


1A7 


APPENDIX  F  -  MODIFIED  BLADE  SECTION 

urethane  blade  section  with  reduced  cross-sectional  area  de¬ 
scribed  by  figure  45  was  divided  into  18  chordwise  segments  of  rectangular 
cross  section  that  approximated  the  local  area  of  the  blade  material.  The 

blade  section  is  shown  in  table  FI.  Blade  section  moment  of  inertia 
and  area  were  then  determined  from  summation  of  the  element  properties  as 

section  properties  of  the  modified  configuration  com¬ 
pared  to  the  reference  configuration  discussed  in  the  previous  section  are 
Amod'^ref  "  0.719,  and  Imod/Iref  =  0.695. 

/  then  assumed  that  modified  cross  section  thus  determined  for 

r/l'"  2  S'q  tapered  uniformly  toward  the  tip  of  the  blade,  so  that  at 

If  rha  modified  section  would  be  10  percent  less  than  that 

section  at  that  radial  position.  Thus,  a  linear  varia- 

md  a!  /r  ^nod/Aref  “  0.719  at  r/r.  -  0.2 

fairlJ“;?I^ffII  III®  cross-sectional  area  are 

I  modified  blade  sections,  it  is  reasonable 

to  also  prescribe  that  Imod/lref  “  0.9  at  r/r^  -  0.9.  Thus,  a  linear  varia¬ 
tion  of  moment  of  inertia  ratio  was  obtained  to  provide  values  of  I  along 
the  span  for  the  modified  blade.  a-rong 

Dsl  modified  all-urethane  blade  (E  -  458  000 

psip  material  E)  are  listed  in  table  F2. 
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TABLE  Pi  r  SECTION 


O  fcA  <T\  c^cO^«»0^f«Ioic>}r<»r^iOfl*tr4fSt 
ci  ,  ^  «o vJ  ^  00  o  *>i »n — 

55*-*  — #Ses|C4—  —  ** 


^•-*  04DOr-^^<Oo<rv^A«DiO  — 

JJ  «« tn  r-W  V  to  lO  40  ^  ^  d  ^  <0  <<>  <n  — * 


100.129  ZI3X8^ 
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